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I. INTRODUCTION 

This volume (2), which consists of two parts (A and B), of the Plasma Diagnostics 
Package (PDP) Final Science Report contains a summary of all of the data reduction and 
scientific analyses which were performed using PDP data obtained on STS-51F as a part 
of the Spacelab 2 (SL-2) payload. This work was performed under NASA/Marshall Space 
Flight Center Contract No. NAS8-32807 with the University of Iowa during the period of 
launch, July 29, 1985, through June 30, 1988. During this period the primary data 
reduction effort consisted of processing summary plots of the data received by 12 of the 
14 instruments located on the PDP and submitting these data to the National Space 
Science Data Center (NSSDC). 

The scientific analyses during the performance period consisted of follow-up 
studies of shuttle orbiter environment and orbiter/ionosphere interactions and various 
plasma particle and wave studies which dealt with data taken when the PDP was on the 
Remote Manipulator System (RMS) arm and when the PDP was in free flight. Of 
particular interest during the RMS operations and free flight were the orbiter wake 
studies and joint studies of beam/plasma interactions with the SL-2 Fast Pulse Electron 
Generator (FPEG) of the Vehicle Charging and Potential Investigation (VCAP). Internal 
reports, published papers and presentations which involve PDP/SL-2 data are listed in 
Sections III and IV. In addition, three Master's and three Ph.D. theses were written using 
PDP instrumentation data. These theses are listed and copies are included in Volume 2, 
Part B. A PDP/SL-2 scientific results meeting was held at the University of Iowa on 
June 10, 1986. This meeting was attended by most of the PDP and VCAP investigators 
and provided a forum for discussing and comparing the various results, particularly with 
regard to the PDP free flight. 
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II. SUMMARY OF DATA PROCESSED 


During the period July 29, 1985 through June 30, 1988, the University of Iowa 
generated 10-minute color survey slides for all of the times when the PDP was turned on 
during the SL-2 flight, July 29, 1985 to August 6, 1985. These slides contain 15 panels 
of data representing the output from 12 of the instruments mounted on the PDP 
structure. Two sets of slides, together with a Data User's Guide, were submitted to 
NSSDC on June 13, 1988. In addition, 70 mm black and white wideband analog film for 
certain specified portions of the SL-2 flight was generated showing high time and 
frequency resolution of the electric and magnetic noise signals (0-30 kHz) received by 
the wideband analog receiver mounted on the PDP. This film, together with a Data 
User's Guide, was submitted to NSSDC on June 16, 1988. 





4 


III. INTERNAL REPORTS 

A list of University of Iowa internally-generated reports, which contain PDP/SL-2 
data, is given below. None of the internal reports was published, but each is on file in 
the PDP Project Office in the Department of Physics and Astronomy. 


KUSR Final Engineering Report (Ku-Band/S-Band Receiver) for the PDP on Spacelab, G. 
B. Murphy, presented to the Aerospace Corporation, El Segundo, California, April, 
1985. 

Plasma Diagnostics Package (PDP) 90-Day Summary Science Report, L. A. Frank, W. S. 
Kurth, et al., Required Report under Marshall Space Flight Center Contract N ASS- 
32807, Huntsville, Alabama, November, 1985. 

Plasma Diagnostics Package/Spacelab-2 Data User's Guide, compiled by J. S. Pickett, 
University of Iowa, Iowa City, Iowa, January, 1986. 

Flight Thermal Report PDP/SL-2, M. E. Kerl, Engineering Report No. ER-07-86.006, 
University of Iowa, Iowa City, Iowa, June, 1986. 

Measurements of Plasma Density and Turbulence Near the Shuttle Orbiter, A. Tribble, 

N. D'Angelo, G. Murphy, and J. Pickett, January, 1987. 
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IV. PUBLICATIONS 


A list of publications and oral presentations, which contain PDP/SL-2 data, is 
given below. Copies of the publications are included in the remainder of this volume. 


A. LIST OF PUBLICATIONS IN REFEREED JOURNALS 


Whistler-Mode Radiation from the Spacelab 2 Electron Beam, D. A. Gurnett, W. S. 
Kurth, J. T. Steinberg, P. M. Banks, R. I. Bush, and W. J. Raitt, Geop h vs. Res. Lett. 
13, 225-228, 1986. 

Thermal Ion Perturbations Observed in the Vicinity of the Space Shuttle, J. M. 

Grebowsky, H. A. Taylor, Jr., M. W. Pharo, III, and N. Reese, Planet. Space Sci.. 35. 
501-513, 1987. 

Electromagnetic Fields from Pulsed Electron Beam Experiments in Space: Spacelab-2 
Results, R. I. Bush, G. D. Reeves, P. M. Banks, T. Neubert, P. R. Williamson, W. J. 
Raitt, and D. A. Gurnett. Geophvs. Res. Lett.. 14. 1015-1018, 1987. 

The Emissions of Broadband Electrostatic Noise in the Near Vicinity of the Shuttle 
Orbiter, K. S. Hwang, N. H. Stone, K. H. Wright, Jr., and U. Samir, Planet. Space 
Sci.. 35, 1373-1379, 1987. 

Thermal Ion Complexities Observed within the Spacelab 2 Bay, J. M. Grebowsky, H. A. 
Taylor, Jr., M. W. Pharo, III, and N. Reese, Planet. Space Sci.. 35. 1463-1469, 1987. 

An Analysis of Whistler - Mode Radiation from the Spacelab 2 Electron Beam, W. M. 
Farrell, D. A. Gurnett, P. M. Banks, R. I. Bush, and W. J. Raitt, J. Geophvs. Res.. 93. 
153-161, 1988. 

Double Probe Potential Measurements Near the Spacelab-2 Electron Beam, J. T. 

Steinberg, D. A. Gurnett, P. M. Banks and W. J. Raitt, J. Geophvs. Res., submitted, 
July, 1987, resubmitted April, 1988. 

Coherent Cerenkov Radiation from the Spacelab-2 Electron Beam, W. M. Farrell, D. A. 
Gurnett, C. K. Goertz, J. Geophvs. Res., submitted October, 1987, resubmitted May, 
1988. 

The Plasma Wake of the Shuttle Orbiter, G. B. Murphy, D. L. Reasoner, A. Tribble, N. 
D'Angelo, J. S. Pickett, W. S. Kurth, J. Geophvs. Res., submitted December, 1987, 
resubmitted May, 1988. 

The Polar Code Wake Model: Comparison With In-Situ Observations, G. Murphy, I. Katz, 
J. Geophvs. Res., submitted December, 1987, resubmitted May, 1988. 

Orbiter Environment at S- and K u -Band Frequencies, G. B. Murphy and W. D. Cutler, J. 
of Spacecraft and Rockets. 25. 81-87, 1988. 
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Exposed High-Voltage Source Effect on the Potential of an Ionospheric Satellite, A. C. 
Tribble, N. D'Angelo, G. B. Murphy, J. S. Pickett, and J. T. Steinberg, J. of 
Spacecraft and Rockets. 2.2, 64-69, 1988. 

The Gaseous Environment of the Shuttle Early in the Spacelab 2 Mission, J. S. Pickett, 

G. B. Murphy and W. S. Kurth, J. of Spacecraft and Rockets. 25. No. 2, 1988. 

Pulsed Electron Beam Emission in Space, T. Neubert, J. G. Hawkins, G. D. Reeves, P. M. 
Banks, R. I. Bush, P. R. Williamson, D. A. Gurnett, and W. J. Raitt, Journal of 
Geomagnetism and Geoelectricitv. submitted, February, 1988. 

Plasma Wave Turbulence Around the Shuttle: Results from the Spacelab-2 Flight, D. A. 
Gurnett, W. S. Kurth, J. T. Steinberg, and S. D. Shawhan, Geophvs. Res. Lett., 
submitted April, 1988. 

On the Expansion of Ionospheric Plasma into the Near- Wake of the Shuttle Orbiter, 

N. H. Stone, K. H. Wright, Jr., U. Samir, and K. S. Hwang, Geophvs. Res. Lett.. 
submitted April, 1988. 

VLF Wave Emissions by Pulsed and DC Electron Beams in Space 1: Spacelab-2 

Observations, G. D. Reeves, P. M. Banks, T. Neubert, R. I. Bush, P. R. Williamson, 

A. C. Fraser-Smith, D. A. Gurnett, and W. J. Raitt, J. Geophvs. Res., submitted April, 
1988. 

VLF Wave Emissions by Pulsed and DC Electron Beams in Space 2: Analysis of 

Spacelab-2 Results, G. D. Reeves, P. M. Banks, T. Neubert, K. J. Harker, and D. A. 
Gurnett, J. Geophvs. Res., submitted April, 1988. 

Hot Ion Plasmas from the Cloud of Neutral Gases Surrounding the Orbiter, W. R. 
Paterson and L. A. Frank, J. Geophvs. Res., in preparation, 1988. 

The Spacelab 2 Plasma Diagnostics Package, W. S. Kurth and L. A. Frank, J. Spacecraft 
and Rockets, in preparation, 1988. 


B. LIST OF PUBLICATIONS IN PROCEEDINGS 


A Review of the Findings of the Plasma Diagnostic Package and Associated Laboratory 
Experiments: Implications of Large Body/Plasma Interactions for Future Space 
Technology, Gerald B. Murphy and Karl E. Lonngren, Proceedings of the Workshop on 
Space Technology Plasma Issues in 2001, Jet Propulsion Laboratory, Pasadena, CA, 
September 24-26, 1986. 

Contaminant Ions and Waves in the Space Station Environment, G. B. Murphy, Space 
Station Contamination Workshop Proceedings, OSSA/NASA, Hilton Head, SC, 

October 29-30, 1987. 
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C. LIST OF ORAL PRESENTATIONS 


Plasma Diagnostics Package (PDP) 90-Day Summary Science Report, L. A. Frank, W. S. 
Kurth, et al., presented at 90-Day Spacelab-2 Science Meeting, Marshall Space 
Flight Center, Huntsville, Alabama, November 14-15, 1985. 

The Gaseous Environment of the Space Shuttle, J. S. Pickett, G. B. Murphy, W. S. Kurth, 
presented at AIAA Shuttle Environment and Operations II Meeting, American 
Institute of Aeronautics and Astronautics, Houston, Texas, November 13-15, 1985. 

Electromagnetic Environment of the Orbiter at S and Ku-Band Frequencies, G. B. 
Murphy, W. D. Cutler, presented at AIAA Shuttle Environment and Operations II 
Meeting, American Institute of Aeronautics and Astronautics, Houston, Texas, 
November 13-15, 1985. 

Plasma Waves Observed Near the Shuttle During the SL-2 Mission, D. A. Gurnett, J. 
Steinberg, W. Kurth, P. Banks, R. Bush, presented at the 1985 Fall AGU Meeting, 
American Geophysical Union, San Francisco, California, December 9-13, 1985. 

Electric Field Measurements Near the Shuttle During the SL-2 Mission, J. Steinberg, D. 
Gurnett, R. Bush, J. Raitt, presented at the 1985 Fall AGU Meeting, American 
Geophysical Union, San Francisco, California, December 9-13, 1985. 

Charged Particle Distributions Measured in the Vicinity of the Space Shuttle, W. R. 
Paterson, L. A. Frank, P. M. Banks, presented at the 1985 Fall AGU Meeting, 
American Geophysical Union, San Francisco, California, December 9-13, 1985. 

Plasma Densities and Temperatures Near the Shuttle Orbiter, A. C. Tribble, J. S. 
Pickett, N. D'Angelo, G. B. Murphy, presented at the 1985 Fall AGU Meeting, 
American Geophysical Union, San Francisco, California, December 9-13, 1985. 

Results from the Plasma Diagnostics Package, L. A. Frank, D. A. Gurnett, N. D'Angelo, 
J. M. Grebowsky, D. L. Reasoner, N. H. Stone, presented at the AIAA 24th 
Aerospace Sciences Meeting, American Institute of Aeronautics and Astronautics, 
Reno, Nevada, January 6-9, 1986. 

Velocity Distributions of Plasmas Associated with Electron Beam Injections During the 
SL-2 Mission, L. A. Frank, W. R. Paterson, P. M. Banks, R. I. Bush, W. J. Raitt, 
presented at the 1986 National Radio Science Meeting, International Union of Radio 
Science, Boulder, Colorado, January 13-16, 1986. 

Short Wavelength Electrostatic Noise Observed in the Vicinity of the Shuttle During the 
SL-2 Mission, D. A. Gurnett, J. T. Steinberg, W. S. Kurth, presented at the 1986 
National Radio Science Meeting, International Union of Radio Science, Boulder, 
Colorado, January 13-16, 1986. 

Wave Emissions from the SL-2 Electron Beam: Similarities to the Aurora, D. A. 

Gurnett, W. S. Kurth, J. T. Steinberg, T. Neubert, R. Bush and P. Banks, presented at 
the 1986 National Radio Science Meeting, International Union of Radio Science, 
Boulder, Colorado, January 13-16, 1986. 
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Electromagnetic Environment of the Oribter at S and KU-Band Frequencies, G. B. 

Murphy and W. D. Cutler, presented to the Aerospace Corporation, Los Angeles, CA, 
April 8, 1986. 

Conditions for the Emission of Broadband Electrostatic Waves Near the Shuttle Orbiter, 

K. S. Hwang, N. H. Wright, Jr., U. Samir, paper presented at the 1986 Spring AGU 
Meeting, American Geophysical Union, Baltimore, Maryland, May 19-23, 1986. 

A Preliminary View of the Orbiter Plasma Wake from Spacelab 2, K. H. Wright, Jr., 

N. H. Stone, K. S. Hwang, U. Samir, paper presented at the 1986 Spring AGU Meeting, 
American Geophysical Union, Baltimore, Maryland, May 19-23, 1986. 

Electric Fields Associated with the SL-2 Electron Beam, J. T. Steinberg, D. A. Gurnett, 
P. M. Banks, presented at the 1986 Spring AGU Meeting, American Geophysical 
Union, Baltimore, Maryland, May 19-23, 1986. 

Measurements of the Power and Efficiency of Whistler-Mode Radiation from the 

Spacelab-2 Electron Beam, W. M. Farrell, D. A. Gurnett, P. M. Banks, presented at 
the 1986 Spring AGU Meeting, American Geophysical Union, Baltimore, Maryland, 
May 19-23, 1986. 

Spatial Extent of Thermal Plasma Contaminants in the Vicinity of the Space Shuttle 
During the SL-2 Mission, J. M. Grebowsky, H. A. Taylor, Jr., M. W. Pharo III, N. T. 
Reese, presented at the 1986 Spring AGU Meeting, American Geophysical Union, 
Baltimore, Maryland, May 19-23, 1986. 

A Study of the Space Shuttle's Wake Using the Plasma Diagnostics Package, W. S. Kurth, 

L. A. Frank, N. D'Angelo, J. M. Grebowsky, D. A. Gurnett, G. B. Murphy, D. L. 
Reasoner, N. H. Stone, presented at XXVI COSPAR 86, Toulouse, France, June 30- 
July 12, 1986. 

Comparison Between In-situ and Ground-based Plasma Interactions, N. H. Stone, 
presented at the Workshop on Space Technology Plasma Issues in 2001, Jet 
Propulsion Laboratory, Pasadena, California, September 24-26, 1986. 

Overview of Discoveries from PDP Spacelab Plasma Experiments — New and 
Unanswered Questions, G. B. Murphy, presented at the Workshop on Space 
Technology Plasma Issues in 2001, Jet Propulsion Laboratory, Pasadena, California, 
September 24-26, 1986. 

Electron and Ion Distributions Associated with the Electron Beam and the Neutral Gas 
Envelope of the Orbiter, W . R. Paterson and L. A. Frank, presented at Spacelab 2 
Scientific Results Meeting, Annapolis, Maryland, October 20-22, 1986. 

Plasma Turbulence and Spacecraft Charging Near the Shuttle Orbiter, A. Tribble and N. 
D'Angelo, presented at Spacelab 2 Scientific Results Meeting, Annapolis, Maryland, 
October 20-22, 1986. 

Neutral Pressure Results from SL-2, J. Pickett, presented at Spacelab 2 Scientific 
Results Meeting, Annapolis, Maryland, October 20-22, 1986. 

Some Spatial and Temporal Complexities in the Shuttle's Thermal Ion Envelope, J. 

Grebowsky, presented at Spacelab 2 Scientific Results Meeting, Annapolis, Maryland, 
October 20-22, 1986. 


9 


Assessment of Ku-Band and S-Band Orbiter Electromagnetic Interference, G. Murphy, 
and W. Cutler, presented at Spacelab 2 Scientific Results Meeting, Annapolis, 
Maryland, October 20-22, 1986. 

Electrostatic Noise Induced by Gas Clouds Around the Shuttle, D. Gurnett, presented at 
Spacelab 2 Scientific Results Meeting, Annapolis, Maryland, October 20-22, 1986. 

Whistler Mode Radiation from the Electron Beam, W. Farrell and D. Gurnett, presented 
at Spacelab 2 Scientific Results Meeting, Annapolis, Maryland, October 20-22, 1986. 

Double Probe Electric Field Measurements Near the Electron Beam, J. Steinberg and D. 
Gurnett, presented at Spacelab 2 Scientific Results Meeting, Annapolis, Maryland, 
October 20-22, 1986. 

The Large Scale Wake Structure of the Shuttle Orbiter, G. B. Murphy, I. Katz, D. L. 
Reasoner, N. D'Angelo, J. S. Pickett, W. S. Kurth, presented at the 1986 Fall AGU 
Meeting, American Geophvsical Union, San Francisco, California, December 8-12, 
1986. 

The Effect of the Earth's Magnetic Field on Plasma Turbulence Near the Shuttle 
Orbiter, A. C. Tribble, N. D'Angelo, G. B. Murphy, J. S. Pickett, presented at the 
1986 Fall AGU Meeting, American Geophysical Union, San Francisco, California, 
December 8-12, 1986. 

Possible Wave Generation Mechanisms of the Whistler Mode Signal from the SL-2 

Electron Beam, W. M. Farrell, D. A. Gurnett, S. Machida, presented at the 1986 Fall 
AGU Meeting, American Geophysical Union, San Francisco, California, December 8- 
12, 1986. 

Ambient Ion Perturbations Induced by an Electron Gun on the Shuttle Orbiter, D. L. 
Reasoner and R. I. Bush, presented at the 1986 Fall AGU Meeting, American 
Geophysical Union, San Francisco, California, December 8-12, 1986. 

An Analysis of the Electrostatic Noise Observed Around the Shuttle During the SL-2 
Mission, D. A. Gurnett, T. Z. Ma, and A. M. Persoon, presented at the 1987 Spring 
AGU Meeting, American Geophysical Union, Baltimore, Maryl&nd, May 18-22, 1987. 

Electric Field Measurements Near the Space Shuttle at Times of Shuttle Thruster 
Operation, J. T. Steinberg, D. A. Gurnett, presented at the 1987 Spring AGU 
Meeting, American Geophysical Union, Baltimore, Maryland, May 18-22, 1987. 

Effect of an Exposed High-Voltage Source on the Potential of an Ionospheric Satellite 
Released from the Shuttle Orbiter, A. C. Tribble, N. D'Angelo, G. B. Murphy, J. S. 
Pickett, and J. T. Steinberg, presented at the 1987 Spring AGU Meeting, American 
Geophysical Union, Baltimore, Maryland, May 18-22, 1987. 

Shuttle/Plasma Interactions and Subsatellites, G. B. Murphy, presented at the Space 
Physics Briefing for Astronaut Corps, Johnson Space Center, Houston, Texas, 
September 9, 1987. 

Plasma Wave Emissions from the SL-2 Electron Beam, D. A. Gurnett, presented (invited) 
at the Active Experiments Workshop, Kyoto, Japan, October 19-20, 1987. 
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The Secondary Electron Beams and Plasma Waves Associated with Electron Beam 
Injection in Space, L. A. Frank, D. A. Gumett, M. Ashour-Abdalla, W. R. Paterson, 

W. S. Kurth, N. Omidi, P. M. Banks and W. J. Raitt, presented at Twenty-Ninth 
Annual Meeting, American Physical Society, Division of Plasma Physics, Princeton, 
New Jersey, November 2-6, 1987. 

The Plasma Wake of the Shuttle Orbiter, presented (invited) as a seminar at Jet 
Propulsion Laboratory, Pasadena, California, November 12, 1987. 

Positive Ion Effects Associated with Spacelab 2 Vernier Engine Firings, J. M. Grebowsky 
and A. C. Schaefer, presented at the 1987 Fall AGU Meeting, American Geophysical 
Union, San Francisco, California, December 6-11, 1987. 

A Comparison of the Plasma Wake of the Shuttle Orbiter to the Wake of a Smaller 
Ionospheric Satellite, A. Tribble, N. D'Angelo, and G. Murphy, presented at the 1987 
Fall AGU Meeting, American Geophysical Union, San Francisco, California, 
December 6-11, 1987. 

Observations and Modeling of Ion Pickup in the Vicinity of the Orbiter, W. R. Paterson, 
L. A. Frank, presented at the 1987 Fall AGU Meeting, American Geophysical Union, 
San Francisco, California, December 6-11, 1987. 

Coherent Cerenkov Radiation from the Spacelab-2 Electron Beam, W. M. Farrell, D. A. 
Gurnett and C. K. Goertz, presented at the 1987 Fall AGU Meeting, American 
Geophysical Union, San Francisco, California, December 6-11, 1987. 

Quasi-Static Electric Field Measurements Near the Space Shuttle at Times of Shuttle 
Thruster Operation, J. T. Steinberg, D. A. Gurnett, C. K. Goertz, presented at the 
1988 National Radio Science Meeting, International Union of Radio Science, Boulder, 
Colorado, January 5-8, 1988. 

Coherent Cerenkov Radiation from the Spacelab-2 Electron Beam, W. M. Farrell, D. A. 
Gurnett, C. K. Goertz, presented at the 1988 National Radio Science Meeting, 
International Union of Radio Science, Boulder, Colorado, January 5-8, 1988. 

Plasma Observations in the Vicinity of the Shuttle, L. A. Frank, W. R. Paterson, P. M. 
Banks, R. I. Bush, W. J. Raitt, presented at the 1988 National Radio Science 
Meeting, International Union of Radio Science, Boulder, Colorado, January 5-8, 1988. 

Electron Distributions Observed from Electron Beam Injections During the Spacelab-2 
Mission, W. R. Paterson, L. A. Frank, M. Ashour-Abdalla, D. Schriver, N. Omidi, 

P. M. Banks, and W. J. Raitt, presented at the 1988 Spring AGU Meeting, Baltimore, 
Maryland, May 16-20, 1988. 


D. PDP/SL-2 PUBLICATIONS 



GEOPHYSICAL RESEARCH LETTERS, VOL. 13, NO. 3, PACES 225-228, MARCH 1986 


WHISTLER-MODE RADIATION FROM THE SPACELAB 2 ELECTRON BEAM 
D. A. Gurnett 1 , W. S. Kurth 1 , J. T. Steinberg 1 , P. M. Banks 2 , R. I. Bush 2 and W. J. Raitt 3 


1 Department of Physics and Astronomy, University of Iowa, Iowa City, Iowa 52242 
2 Department of Electrical Engineering, Stanford University, Stanford, California 94305 
3 Center for Atmospheric and Space Science, Utah State University, Logan, Utah 84322 


Abstract . During the Spacelab 2 mission the 
Plasma Diagnostics Package (PDP) performed a fly- 
around of the shuttle at distances of up to 300 
meters while an electron beam was being ejected 
from the shuttle. We discuss a magnetic conjunc- 
tion of the shuttle and the PDP while the elec- 
tron gun was operating in a steady (DC) mode. 
During this conjunction, the PDP detected a clear 
funnel-shaped emission that is believed to be 
caused by whistler-mode emission from the beam. 
Ray-path calculations show that the shape of the 
funnel can be accounted for by whistler-mode 
waves propagating near the resonance cone. 
Because the beam and waves are propagating in the 
same direction, the radiation must be produced by 
a Landau, u)/k| ■ v^, interaction with the beam. 
Other types of waves generated by the beam are 
also described. 


I • Introduction 




During the recent Spacelab 2 flight, which was 
launched on July 29, 1985, a spacecraft called 
he Plasma Diagnostics Package (PDP) was released 
rom the shuttle to survey the plasma environment 
around the shuttle. Among the various investiga- 
tions performed was a study of the effects pro- 
duced by an electron beam ejected from the 
shuttle. This paper describes the plasma waves 
observed during a magnetic conjunction between 
the PDP and the shuttle while the electron gun 
was being operated. As will be shown, the 
plasma-wave emissions observed are remarkably 
similar to emissions detected by spacecraft fly- 
ing through auroral electron beams. 

The PDP was designed and constructed at The 
University of Iowa and is a reflight of the 
spacecraft previously flown on the STS-3 flight 
[Shawhan et al. , 1984]. The PDP Included instru- 
mentation from The University of Iowa, Goddard 
Space Flight Center, and Marshall Space Flight 
Center. For a description of the spacecraft and 
Instruments, see Shawhan [1982]. The electron 
gun on the shuttle is part of the Vehicle Charg- 
ing and Potential (VCAP) experiment which was 
provided by Stanford University and Utah State 
University. For a description of the VCAP 
Instrumentation, see Raitt et al. [1982]. 

The Spacelab 2 mission was flown in a nearly 
circular low-inclination orbit with a nominal 
altitude of about 325 km and an inclination of 
49 .5 °. The PDP was in free flight around the 
shuttle from 0010 to 0620 UT on August 1, 1985. 
During this roughly 6-hour interval the shuttle 
performed two complete fly-arounds of the PDP. 
.These fly-arounds included four magnetic 
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conjunctions in which the shuttle was targeted to 
Intersect the magnetic field line passing through 
the PDP. During the first two conjunctions the 
electron gun was off so that the PDP could 
monitor disturbances produced in the ionosphere 
by the shuttle. During the third conjunction, 
which is discussed here, the gun was operated in 
a steady (DC) mode to simulate a natural aurora, 
and during the fourth conjunction the gun was 
operated in a pulsed mode. 

II. Observations 

The trajectory of the shuttle relative to the 
PDP during the third conjunction Is shown in Fig- 
ure 1. The coordinate system used in this dia- 
gram is the so-called local-vertical , local- 
horizontal system. The +z axis is directed to- 
ward the center of the earth, the x axis is in 
the orbital plane, and the y axis completes the 
usual right-handed coordinate system. Time is 
shown by the tick marks along the trajectory. A 
complete fly-around takes one orbit, or about 92 
minutes. The magnetic conjunction of Interest 
occurred at 0334:12 UT. The magnetic field at 
the time of the conjunction is shown in Figure 1 
projected onto the x-z plane. The (x,y,z) coor- 
dinates of the shuttle at this time are (-53, 89, 
-188) meters, and the separation distance is 216 
meters. Calculations based on a model magnetic 
field indicate that the magnetic field line 
through the shuttle came within 10 meters of the 
PDP. 

A spectrogram of the plasma wave electric 
field intensities during a 30-minute period 
around the magnetic conjunction Is shown in 
Figure 2. These measurements are from the 3.89 
meter double-sphere electric antenna on the PDP. 
The frequency range extends from 31 Hz to 17.8 
MHz and the dynamic range extends from about 



Fig. 1. The trajectory of the shuttle relative 
to the PDP during the third magnetic conjunction. 
The electron beam was ejected downward, toward 
the PDP. 
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Fig. 2. A speccrogra* of the pl.au wave elec- 
tric field intensities during the third ugneclc 
conj unction. 


10“ 14 to 10“* volts 2 *" 2 Hz -1 . The perpendicular 
distance, R± , in meters, fro* the PDP to the mag- 
netic field line through the shuttle is shown at 
the bottom of the spectrogram. The electron gun 
was turned on in the steady (DC) mode with a beam 
energy of 1 keV and current of 50 mAmp at 0330:00 
UT and stayed on until 0337:40 UT. During this 
period the shuttle was oriented such that the 
electron beam was ejected downward toward the 
PDP, as shown in Figure 1. 

The Intense nearly symmetric emission centered 
on about 0334:05 UT in Figure 2 Is produced by 
the electron beam. At low frequencies the spec- 
trum is characterized by a very Intense broadband 
emission from about 0333:20 UT to 0334:20 UT* 
Another type of low frequency noise can be seen 
extending from about 0328 to 0339. This noise is 
produced by an interaction of the shuttle with 
the ionosphere and is not related to the electron 
beam. At higher frequencies a very well defined 
funnel-s haped feature can be seen extending up to 
about l MHz, spreading out at higher frequencies* 
The upper cutoff of the funnel-shaped emission is 
Just below the electron cyclotron frequency, 
which is shown by the solid line labelled f c in 
Figure 2. The onset and termination of the 
funnel at 0330:00 UT and 0337:40 UT correspond to 
the start and stop times of the electron gun 
operation* At even higher frequencies an intense 
narrowband emission can be seen at about 3*1 MHz, 
lasting for about 30 seconds, from 0333:45 to 
0334:15 UT. From a preliminary comparison with 
the electron density [N. D'Angelo, personal 
communication] , it is believed that this narrow- 
band emission Is at either the electron plasma 
frequency, f p , or the upper hybrid resonance fre- 
quency, fjjHR ■ (f c 2 + f p ' /2 * For f p ~ MHz 


l 

I 


and f c • 1 MHz, both of these frequencies are 
nearly the same, so it is difficult to be sure 
which is the relevant frequency. 

Representative plots of the electric and mag- 
netic field spectrums are shown in Figure 3. To 
minimize antenna orientation effects, the inten- 
sities have been averaged over 30 seconds, which 
Includes several spacecraft rotations* Both the 
electric and magnetic antennas are perpendicular 
to the spacecraft spin axis* The spectrum at 
0334:00 UT shows the intensities near the beam, 
and the spectrum at 0335:00 UT shows the inten- 
sities away from the beam* Near the beam both 
the electric and magnetic intensities are above 
the Instrument noise level over the entire fre- 
quency range measured. The narrowband emission 
near the plasma frequency is clearly evident. 
The electric field strength of this emission is 
about 2.8 mVolts/m. Although this emission is 
most likely an electrostatic wave, the electro- 
static/electromagnetic character cannot be clear- 
ly established because no magnetic field measure- 
ments are available in this frequency range. 
Near the beam, at 0334:00 UT it is difficult to 
distinguish the funnel-shaped emission above 
about 10 kHz from the Intense low frequency noise 
below 10 kHz. Both types of emissions have a 
magnetic field component* The electric field 
strength of the low frequency noise, integrated 
from 31 Hz to 10 kHz, is about 150 mVolt/m, and 
the magnetic field strength Integrated over the 
same frequency range, is about 0*17 nT. As a 
crude indication of the electrostatic/electromag- 
netic character of this noise one can compute the 
magnetic to electric field ratio, cB/E, and 
compare this ratio to the expected index of 
refraction for an electromagnetic wave. The cB/E 




FREQUENCY, Hz 

Fig. 3. Electric and magnetic spectrums, E 2 /Af 
and B 2 /Af, and the magnetic to electric field 
ratio, cB/E, averaged over 30-sec. intervals near 
the magnetic conjunction, 0334:00, and shortly 
after the magnetic conjunction, 0335:00 UT. 
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Fig. 4. A schematic illustration showing the ray 
paths of whistler-mode radiation from a point 
source for wave normal angles near the resonance 
cone. The ray path angle <\> increases with 
increasing frequency, thereby producing a funnel- 
shaped feature as the spacecraft crosses the 
source field line. 


xatlo is shown in the bottom panel of Figure 3. 
ke cB/E ratio of the low frequency noise varies 
^rom 3.0 to 30, less than would be expected for a 
purely electromagnetic mode of propagation. For 
reference the index of refraction, n, for paral- 
lel propagation is shown in Figure 3. The field 
strength of the funnel-shaped emission is best 
determined in the region away from the beam, at 
0335:00 UT, where it can be clearly distinguished 
from the low-frequency noise. The broadband 
electric and magnetic field strengths, Integrated 
over the emission bandwidth, are 7.5 mVolts/m and 
0.1 nT. Again the cB/E ratio is less than would 
be expected for parallel propagation. 

111. Interpretation 

The plasma wave emissions from the SL-2 elec- 
tron beam bear a close similarity to waves 
observed in the earth's auroral zones. The most 
remarkable similarity is the funnel-shaped emis- 
sions. Very similar funnel-shaped emissions have 
been observed on a variety of polar orbiting 
spacecraft and have been called V-shape hiss, 
saucers and funnels [Gurnett, 1966; Smith, 1969; 
Mosier and Gurnett, 1969; Gurnett and Frank, 
1972; James, 1976; Gurnett et al. , 1983]. These 
emissions are a special case of a general class 
of emissions known as auroral hiss [Helllwell, 
1965]. It is widely believed that this noise is 
whistler-mode radiation produced by electron 
beams associated with the aurora [Gurnett, 1966; 
Hartz, 1971; Hoffman and Laaspere, 1972; Gurnett 
|and Frank, 1972]. 

m The funnel-shaped spectral feature has a 
Simple explanation based on the propagation of 
whl 8 tier-mode waves near the resonance cone. For 
wave normal angles near the resonance cone the 
ray propagates at an angle 4> Res w ^ t ^ 1 respect to 
the magnetic field, as illustrated in Figure 4. 
The angle 4> Re8 is given by 


Tan 2 4> 


Res 


S 

— a 

P 


f 2 



( 1 ) 


where S and P are defined by Stlx [1962]. The 
approximation is valid in the high density limit, 
where the wave frequency and electron cyclotron 
frequency are much less than the electron plasma 
frequency. Equation 1 shows that at low frequen- 
cies the ray path is almost exactly along the 
magnetic field. As the frequency increases the 
ray angle increases, approaching perpendicular as 
the wave frequency approaches the cyclotron fre- 
quency. Propagation ceases at frequencies above 
the cyclotron frequency. For a spatially local- 
ized line source, this frequency dependence pro- 
duces a funnel-shaped frequency- time variation as 
the spacecraft crosses the source, as illustrated 
in Figure 4. The fact that the funnel is filled 
in indicates that the source is an extended 
(line) source. The sharply defined outer bound- 
ary indicates that the source starts at a well- 
defined point. The starting point is the elec- 
tron gun in the case of the SL-2 electron beam, 
and the acceleration region in the case of the 
aurora. 

To verify that the funnel-shaped emission ob- 
served by the PDP is caused by whistler-mode ra- 
diation near the resonance cone we have computed 
the limiting ray paths from the electron beam and 
compared the boundaries with the observed shape 
of the funnel. The results of these calculations 
are shown in Figure 5. The cross-hatched region 
shows the outline of the funnel, and the solid 
lines show the boundaries from the ray path 
computations. Because the distances involved are 
small compared to the spatial scale lengths in 
the ionosphere, the ray paths were assumed to be 
straight lines. The finite size of the beam was 
Included, assuming a beam diameter of 5.2 meters. 
The actual equations for S and P were used, in- 
cluding electrons but no ions. The electron 
cyclotron frequency and magnetic field direction 
were obtained from a multipole expansion of the 
earth's magnetic field. The computations are 
relatively inaenaitive to the electron plasma 
frequency. To provide a realistic value, fp ■ 
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Fig. 5. A comparison of the computed ray path 
boundaries with the observed shape of the funnel- 
shaped emission. The close agreement indicates 
that the radiation is produced by whistler mode 
waves propagating near the resonance cone. 
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3.1 MHz was used. As can be seen from Figure 5, 
the ray path computations are in good agreement 
with the observations. 

The whlstler-mode Interpretation of the 
funnel-shaped emission Is also consistent with 
the observed magnetic to electric field ratio. 
For whistler-mode waves propagating near the 
resonance cone the electric field Is stronger 
than for parallel propagation. This explains why 
the cB/E ratio Is smaller than for parallel 
propagation. The observed ratios, cB/E - 1 to 
10, are also consistent with the magnetic to 
electric field ratios measured for whistler-mode 
auroral hiss [Gumett and Frank, 1972]. The 
existence of an easily detectable magnetic field 
also rules out the possibility that the noise 
could be an electrostatic electron acoustic mode, 
as has been suggested by Tokar and Gary [1984]. 
Also, there Is no evidence of waves propagating 
In the direction opposite the beam. Therefore, 
the radiation can be entirely attributed to the 
Landau resonance at u>/k| - v^. 

Although the funnel-shaped emission Is almost 
certainly whistler-mode radiation, the mode re- 
sponsible for the more Incense noise at lower 
frequencies has not been established. Although 
this noise appears to be a simple extension of 
the whistler-mode noise to lower frequencies 
there are several problems with attributing this 
noise to the whistler mode. First, at low fre- 
quencies, below the lower hybrid frequency, which 
should be around 5.8 kHz, the whistler mode no 
longer has a resonance cone. Quasl-electroatatlc 
propagation along the resonance cone Is no longer 
possible. Second, at low frequencies the wave- 
length of the whistler mode becomes very large 
for all directions of propagation, much larger 
chan the spatial thickness of the region of low 
frequency electrostatic noise, which Is not more 
than a few tens of meters In diameter. Evidently 
this Intense lot^f requency noise Is caused by a 
local beam-generated Instability. For a discus- 
sion of possible beam Instabilities chat could 
account for this noise, see Grandel [1982]. It 
Is Interesting to note that this noise has a 
spectrum similar to the broadband electrostatic 
noise observed by Gumett and Frank [1977] along 
the auroral field lines. 
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Abstract - During the Spacelab-2 Shuttle mission the University of Iowa Plasma Diagnostic Package 
(PDP) probed the plasma environment of the Space Shuttle by maneuvers at the end of the extended 
Remote Manipulator System (RMS) arm. Also the PDP was operated as a free flying satellite which 
remained in the vicinity of the Shuttle as the Shuttle was maneuvered about it. During this portion of the 
mission, the Bennett thermal ion mass spectrometer on the PDP measured some distinctive effects of the 
large and gaseous emitting Shuttle upon the ambient thermal plasma environment. Within the open cargo 
bay when thrusters were not firing there was typically an absence of measurable thermal ions when the 
bay was in the wake of the spacecraft. Just above the top of the ba> when traces of ions arc detected in 
the wake the dominant ion was the contaminant water. When the PDP was released in the wake of the 
Shuttle and moved away, the spin modulation of the ion flux into the spectrometer was initially different 
for the O * and H 2 0* ions. The O' ions were streaming tmo the spectrometer from the spacecraft velocity 
direction whereas the water ions were flowing from a direction as much as 77 from this. The concentration 
of water ions in the near wake decreased with increasing distance, becoming less than the predominant 
ion O* at wake distances of the order of 30 m. However, traces of contaminant ions were present as far 
as the maximum distance of several hundred meters explored by the free-flying PDP The neutral gases 
from the Shuttle extend in all directions as was shown by the presence of water ions, not only in the 
immediate vicinity of the Shuttle and in its wake but also even several hundred meters upstream. The 
presence of contaminant NO and O; ions brings into question w hether reliable ambient ion measurements 
can be made from the Shuttle. 


INTRODUCTION 

Thermal ion composition measurements in the vicin- 
ity of the Space Shuttle have shown that the Shuttle 
may have a significant impact on the ambient iono- 
sphere. This is most obvious in the persistent presence 
of HjCT ions in its near vicinity (e.g. Narcisi et aU 
1983; Grebowsky et a/., 1983). Previous measurements 
of ion composition near the Shuttle have been restric- 
ted primarily to observations at fixed positions within 
or near the open Shuttle bay. The ion measurements 
considered by Narcisi et ai (1983), for example, were 
made on the mission STS-4 from a bay position in 
which the ion spectrometer looked basically horizon- 
tally over the right wing, whereas those described by 
Grebowsky et ai (1983) were taken on the STS-3 
mission predominantly within the bay with the ion 
spectrometer facing the port wall of the bay. In the 
latter experiment, which was one instrument on the 
Plasma Diagnostic Package (PDP), use of the Remote 
Manipulator System (RMS) arm was also made to 


take measurements in the vicinity of the bay up to a 
15 m distance. Those observations showed that the 
water released from the Shuttle (e.g. by thruster firings, 
outgassing, water dumps and cabin leakage) readily 
results in the production of positive water molecule 
ions, primarily through charge exchange with ambient 
O* ions. The spatial extent of this disturbance how- 
ever could not be determined from the limited pos- 
itions of these earlier experiments. 

The large releases of water during water dumps 
and during thruster firings lead to local depletions of 
the ambient ionospheric O' concentration (Narcisi 
et ai ., 1983; Pickett et aL 1985 ). Narcisi et ai (1983) 
pointed out that, nevertheless, it is still typically 
possible to measure accurately ambient ions when 
Shuttle-borne ion spectrometers are in a ram con- 
figuration. Although this is possibly true for the major 
ion 0\ caution needs to be exercized regarding 
minor ambient ions. For example, although most of 
the contaminant ions observed (e.g. H 2 0\ OH', 
HjO* ) are of definite Shuttle origin, the source of 
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molecular ions such as NO* and Of in the vicinity 
of the Shuttle may be ambiguous. The latter ions are 
not only present in the F-region but by the same 
chemical reactions which produce them m the ambient 
plasma they are also produced from the neutral NO, 
N ; and 0 ; of Shuttle origin which, particularly during 
thruster firings, have concentrations greatly exceeding 
their ambient counterparts (Wuif and von Zahn. 
19861. Hence it is still not resolved whether reliable 
ambient thermal ion concentration measurements can 
be made from the vicinity of any large ga^-emitting 
structure like the Space Shuttle. 

In addition to the chemical production of contami- 
nant ions via interaction with the ambient plasma. 
Hunton et ai (1983) have pointed out that the 
dynamics of the contaminants themselves are compli- 
cated, with evidence for both drifting and stationary 
components of water ions in the Shuttle frame of 
reference. Further, Stone et ai (1983, 1986) have 
described the existence of localized streams of ions 
flowing from different directions near the Shuttle. The 
source of these streams las yet to be isolated. Their 
presence however demonstrates that, apart from inter- 
est in determining the contaminating impact of the 
Shuttle on the external environment, the Shuttle's 
interaction with the ambient plasma enables an explo- 
ration of new plasma processes. 

The most dramatic effects in the thermal plasma 
distribution are anticipated downstream in the wake 
of the Shuttle and it is in this region that the extent 
of the Shuttles influence on the plasma environment 
should be greatest. It is known that the plasma wake 
near the Shuttle is a deep void of detectable plasma 
(e.g. Raitt et a/., 1984), but it’s spatial extent and 
structure have not been measured in much detail. 
This paper will ex n lore some of the wake features as 
well as contaminant ion distributions using Bennett 
RF ion mass spectrometer measurements from the 
University of Iowa PDP flown on the Spacelab-2 
(SL-2) mission. During part of this flight the PDP 
was flown free of the Shuttle to sample different 
regions out to separation distances of several hundred 
meters, permitting for the first time a sampling of the 
spatial extent of the Shuttle’s perturbation. 


ORBITAL FEATURES 

The spacelab-2 Shuttle mission (STS-51F) on which 
the Plasma Diagnostic Package was flown went into 
orbit on 29 July 1985. The orbit had an inclination 
of 49.5% a period of Uh, and was circularized 
eventually at a mean altitude of 3 10 km. It reached 
poleward to magnetic latitudes of the order of 60 c , 


i.c. near the mam midlatitude ionospheric trough (see 
the review by Moffett and Quegan. 1983. for an 
overview of this feature). The phase of the orbit was 
such that the most poleward latitudes were traversed 
near the terminators — the high latitudes of the sou- 
thern winter hemisphere near dawn and those of the 
northern summer near dusk. The PDP was released 
as a free flying satellite on the second day of the 
mission and after a 6h period was picked up by the 
Shuttle via the RMS arm for eventual return to Earth 
on 6 August 1985. 


characteristics of the ion spectrometer 

The Bennett RF ion mass spectrometer flown was 
not designed for this particular mission but was a 
test instrument previously developed for flight on a 
sounding rocket. To scan through the ion mass range 
from below I to 70 amu, the RF frequency applied 
to the sensor grids was swept, rather than the dc 
acceleration voltage as has been usual in space appli- 
cations (e.g. Bnnton et a/., 1973). The restricted 
telemetry requirements of the mission were 
approached by using internal logic circuits to pick all 
the resonant mass current peaks detected during each 
vweep of the RF. The amplitude of the peak current 
and its frequency (which defines the ion amu) were 
then digitized for telemetry. Although the peak detec- 
tor resolved the mass to a small fraction of an 
amu, digitization of the resonant peak frequency (or 
equivalently the amu) for telemetry was performed 
using an algorithm that provided high mass resolution 
at the low mass end of the spectrum, a nominal 
resolution of the order of 0.5 amu near the water- 
oxygen masses, a resolution of 1.5 amu near the 
important 30 amu region and in the high mass range 
above 40 amu a resolution greater than 3 amu. These 
resolutions were considered sufficient for resolving 
the most significant masses anticipated before launch. 

Some difficulty occurred in positively resolving 
several ion species due to the fact that the RF sections 
of Bennett spectrometers function by resonantly sel- 
ecting incoming ions, not on the basis of their mass 
but by their incoming velocity (e.g. see Bennett, 1950). 
By providing a fixed accelerating electrical potential 
near the entrance to the tube (in this instance. 80 V) 
each incoming positive ion received its own unique 
mass discriminating velocity that could be resonantly 
selected in the following RF stages. This feature of 
the spectrometer is also an asset in that it can be used 
to determine the incoming energy of ions due to drift 
or satellite charge. 

The ion spectrometer flown on the SL-2 mission 
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was calibrated in the laboratory to provide a fre- 
quency-mass relationship under conditions of no net 
energy into the entrance of the spectrometer. If an 
ion enters the spectrometer with a nonvanishing 
energy E, then its telemetry mass li.e. the amu from 
the calibration identified by the frequency of the 
current peak), TXf , will be T\Yf*£(eV), 112amu lower 
than the actual mass. In the vicinity of the Shuttle, 
complex changes in flow dynamics and the production 
of ions stationary with respect to the vehicle may 
occur such that different ion mass species blend 
into only one resolvable resonant current peak. For 
example, the measurement of an ion at 30 amu could 
be a non-streaming 30 amu ion or a 32 amu ion with 
approximately 7eV of ram energy. Also, high plasma 
turbulence levels have been detected in the vicinity of 
the Space Shuttle (Siskin et ui„ 1984). The presence 
of such plasma irregularities would broaden adjacent 
ion current peaks and reduce the resolution of the 
spectrometer. A noticeable feature during parts of the 
SL-2 mission is an inability of the spectrometer to 
resolve 30 from 32 amu ions on some of the sensitivity 
levels (see below) employed, presumably due to a 
combination of the foregoing factors. 

The spectrometer employed four distinct sensitivity 
modes, obtained by stepping a retarding voltage ( K a ) 
on a grid just in front of the current collector plate. 
A laboratory calibration curve showing the response 
of the spectrometer (using Ne* as the source) to 
changes in this retarding voltage is shown in Fig. 1. 
The four levels of sensitivity used during flight are 
indicated on the voltage axis. The lowest sensitivity 
mode (level 1) has maximum resolution of mass 
whereas level 4 has the highest sensitivity. As the 
incoming ion energy increases, the effective collector 
retarding voltage decreases by the same amount. 
The calibration curve also indicates the presence of 
harmonically generated ion peaks in the RF stages. 
These vary proportionally with the resonant ion 
current at a fixed V % . The observed ratio of the 
harmonic amplitude to that of the fundamental ion 
can also be used to determine the relative variation 
of the fundamental currents, thus providing an esti- 
mate of incoming ion energies. For the SL-2 mission 
spectrometer each retarding potential was held fixed 
for approximately 2.4s, while the RF was swept to 
sample the complete mass range of ions from below 
1 to 70 amu. All four steps were cycled resulting in a 
repetition of a given sensitivity level every 9.6 s. 

The conversion of collected ion currents to 
incoming ion concentrations requires that the 
incoming ion energy and flow direction be known. In 
usual satellite missions the spectrometer points in the 
ram direction and the spacecraft potential is well 


behaved, allowing an uncomplicated conversion to 
concentrations. Under the conditions existing during 
the Shuttle mission under consideration this was not 
the case. Therefore, only the raw collected ion currents 
will be presented here and the sensitivity level used 
in the plots will be selected on the basis of what 
features are to be emphasized and which level best 
depicts them. The dynamic current range of the 
collector was 2 x 10 " 1 3 -2 x 10 ' 9 A. 


PRE-RELEASE AND NEAR WAKE STRUCTURE 

Although the major focus of the discussion is to be 
ion measurements made when the PDP was physically 
separated from the Shuttle, observations made while 
extended on the RMS arm just before release will be 
used to provide a relative reference for the ion 
environment observed further away. Figure 2 depicts 
measurements of the major ions detected during a 
30mm period encompassing the PDP release from 
the Shuttle (which took place at 01:00 G.M.T. on day 
213, i.e. 1 August 1985). During the beginning of the 
interval, the Shuttle was flying in the “airplane" mode, 
i.e. nose pointing into the orbit direction and belly 
towards the Earth. The PDP was held by the RMS 
arm approximately 10 m out beyond the port side 
with the ion spectrometer orifice directed into the 
Shuttle ram direction. This PDP location was main- 
tained until approximately 23:47 G.M.T. when the 
PDP was moved to it’s deployment position a few 
meters above the circular envelope of the bay and 
over the nose-tail symmetry axis of the Shuttle— the 
spectrometer still pointing into ram. The dominant 
ion throughout this period was with minor species 
NO*" and O 7 present in concentrations comparable 
to one another and indistinguishable in the sensitivity 
mode under consideration. In addition, there was a 
background of water species ions H 2 0* and H 3 0* 
with similar concentrations. 

The energy response of the O* collected current 
when the instrument was positioned over the bay is 
consistent with an energy of only slightly more than 
the ambient 0 + flow energy (-5eV) with respect to 
the Shuttle. However, during the measurements on 
the side of the bay, much higher energies were 
indicated requiring more than 5 V of negative space- 
craft charge in addition to the ram flow energy. Such 
variations in spacecraft potential are not unexpected 
in the light of earlier STS-3 observations (e.g. Shawhan 
and Murphy, 1983), which showed that the PDP 
potential variation is complex, varying in response to 
thruster firings and to the motion of the Orbiter and 
PDP with respect to the Earth's magnetic field. The 
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Fig. 1. Laboratory calibration curve for an ionized Ne source. 

The four voltage levels indicated were the values stepped through on the SL-2 instrument. In addition to 
the fundamental peak, harmonics of the fundamental ion are generated at apparent masses that are hxed 
percentages of the fundamental mass. In flight the effective stopping voltage is the sum of the V % level ol 
the instrument plus the incident ion energy in electron volts. The Ne * calibration curves typify the response 

for other masses. 


NO*, Oj current peak -frequency response to 
incoming energy is consistent with this behavior, 
taking into account the proportionately higher ram 
energy associated with the larger masses. However, 
the water species (H 2 0\ H 3 0^) measurements show 
no evidence of ram flow energy, confirming the 
observation of Hunton and Calo (1983) that the 
water ion distributions near the Shuttle can have 
nonconvecting components as might be expected for 
a dense scattering medium and/or a localized ion 
source. The water species ion telemetry mass and 
current collection efficiency are only responding to 
spacecraft charge. For example, the Xs in Fig. 2 which 
denote a one-telemetry-count higher mass than the 
+ s for H 3 0* begin consistently near 23:47 G.M.T., 
indicating a drop in the magnitude of the PDP*s 
negative potential by several volts. 

As was inferred by Narcisi et al. (1983), a first glance 
at the pre-release data would give the impression 
that under proper conditions (corresponding to an 
unoccluded ram view for the spectrometer) iono- 
spheric features can seemingly be measured from the 


Shuttle. However, the plasma environment always 
shows traces of the spacecraft’s presence. For example, 
characteristically, as seen in Fig. 2, there is a back- 
ground level of water ions and also H 3 0 * of compar- 
able concentration in the near vicinity of the vehicle. 
The presence of the latter ion (which requires water- 
water ion collisions) and the absence of net motion 
indicates (as was pointed out by Hunton and Calo, 
1983) that a dense cloud of water occurred in the 
vicinity of the Shuttle. In addition, the Shuttle’s 
Reaction Control System thrusters sporadically fire 
to maintain attitude. These deposit concentrated 
streams of gases that have a further impact on the 
local plasma environment The enhancement of the 
water ion concentrations near 23:45 G.M.T. for exam- 
ple occurred simultaneously with a sequence of such 
firings. 

In addition to water products, NO, N 2 and 0 : are 
also released in the engine firings and are apparently 
always present near the Shuttle in quantities exceeding 
their counterparts in the ambient atmosphere (Wulf 
and von Zahn, 1986). These readily interact with the 


505 


Thermal ion perturbations near Space Shuttle 

SENSITIVITY LEVEL 2 DAY 85212-3 



Fig. Z Ion measurements before, during and after release. 

Release took place near 00: 10G.M.T. The complex behavior after release is due to the spin modulation 
of the collected ion current with consecutive current measurements made at different attack angles. Before 
release the PDP was on the extended RMS arm over the port side until - 23:47 G.M.T. whereupon it 
was repositioned over the bay — during this period the Shuttle flew in the “airplane configuration. All 
currents dropped off when the Shuttle reorientated for the release and the PDP entered its wake. 


ambient F-region O'* to produce NO* and OT . This 
leads one to suspect that ambient plasma variations 
are not being observed near 23:45 G.M.T. even though 
the spectrometer had the ideal ram look direction. As 
the water ion currents peaked the heavy moleculars 
followed suit, while a sharp trough developed for O^. 
The trough in O* may be interpretable in terms of 
an ionospheric hole produced by charge exchange of 
the flowing O * with a cloud of water molecules (e.g. 
Mendillo and Forbes, 1978) — the charge exchange 
rate of O'* with H z O occurring orders of magnitude 
faster than the normal ambient O * chemical loss rate. 
Similarly, the rise in heavy molecular ton concen- 
trations at the same time can be attributed to the 
Shuttle's emissions. In fact, a reduction in the concen- 
tration of O'* would also result due to losses of O* 
via atom-ion interchange with contaminant N 2 and 
0 2 — a process which enhances NO* and 0 2 pro- 
duction. The rates of these reactions increase with 
increases in the relative velocities of the interacting 
ion and neutrals (McFarland er a/., 1973) and were 
recognized by Banks ex ai (1974) to play a significant 
role in modifying the Earth’s high latitude ion compo- 
sition. At the 8kms" 1 velocity of the Shuttle this loss 


scheme for O'* could play an important role in the 
production of the observed NO* and Or. These 
contaminant ions are particularly troublesome with 
respect to ambient ion composition measurements in 
the F-region since ambient NO* and 0 2 can at times 
be quite low and irregular in concentration, making 
it difficult to discriminate them from contaminants. 
A word of caution is necessary on this interpretation 
of the pre-release measurements. An alternative expla- 
nation of the NO*, 0 2 ion variation could be offered 
in terms of a complex stormtime midlatitude iono- 
sphere structure being traversed coincidentally — this 
phase of the observations took place during a magneti- 
cally active period with a K p index of 5* (Coffey, 
1985). 

Just before release with the PDP held fixed in its 
position over the bay, the Shuttle changed its attitude 
from the “airplane" configuration, maneuvering so its 
tail was directed toward the Earth and its bay 
into the downstream direction. This attitude change 
beginning just prior to 24:00 G.M.T. is seen in Fig. 2 
as a parallel complete dropout of the measurable ions 
as the PDP moved into the Shuttle’s wake. The wake 
of the Shuttle in its near vicinity was very deep as has 
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Fig. 3. The relative position of the PDP with respect 
to the Shuttle during release. 

The Shuttle s tail was directed to the Earth. it‘s belly in the 
ram direction. The PDP was released and separated down 
the wake. At release the spectrometer was pointing upward. 
Its location in the spin equator of the satellite enabled it to 
sample the ram flux of ions once each spin revolution. 


been previously noted and expected for such a large 
vehicle (e.g. Samir et aL 1986). The only ions that get 
into the near wake are those scattered into the wake 
in association with thruster filings such as the spikes 
of ion current detected near 00:05 G.M.T. 

PDP RELEASE AND THERMAL IONS DOWN THE WAKE 

The detailed processes by which plasma enters the 
wake of the Shuttle are not fully established. Some 
of the energetics involved are evident in the ion 
measurements made when the PDP was released. 
Figure 2 includes some of the observations post- 
release and, if examined closely, will reveal water to 
be the dominant ion seen initially after release. Apart 
from this and the presence of O* and molecular ions, 
the complexity of the spin modulation of the current 
flux into the spectrometer obscures in the figure the 
thermal ion measurements after release. An expanded 
time scale will be used to see more closely the spin 
response. First, however, some general description of 
the release is needed. 

Figure 3 schematically depicts the attitude con- 
figuration of the Shuttle and the PDP at release. The 
Shuttles tail was directed toward the Earth while its 
belly was facing into the direction of motion. When 
the PDP was released from the RMS the Shuttle 
moved forward of the PDP while maintaining the 
PDP along the projection of the Shuttle anti-velocity 


vector. The PDP therefore moved down the Shuttle 
wake. The ion spectrometer at the time of release was 
pointing upward in the nose direction of the Shuttle. 
A momentum wheel in the satellite was used to spin- 
up the satellite mto a stable configuration with the 
spin axis directed perpendicular to the orbit plane as 
seen in Fig. 3. The spectrometer was located on the 
spin equator of the PDP so that it sampled the ram 
direction on each spin. The fuil-up spin period was 
near 13 s which was attained 1 h 15 mm after release. 
The relative separation of the PDP and Shuttle took 
place at a rate of 0.1 ms -1 until establishing initial 
station, keeping at a distance of 90 m. Only the early 
part of the separation will be considered here m detail 
since it shows the most pronounced Shuttle-related 
behavior. 

The measurements of the two main ions O* and 
H : 0* as well as H” from all sensitivity levels during 
the first two spin cycles after release are combined in 
Fig. 3. As discussed earlier, the spectrometer sampled 
the same sensitivity level approximately every 9 s. 
Initially this was short compared to the spin period 
and one sensitivity level provided fair coverage of the 
angle of attack variation of the current flux into 
the instrument. As the spin rate increased however, 
reasonable angular resolution could be approached 
only by combining the measurements of ail sensitivity 
levels. To do this the collected current of a given ion 
species in sensitivity modes one-three were multiplied 
by constant factors so that the resultant current 
variation smoothly blended in to the fourth level 
variation through the first few spin cycles. That 
is, the currents in accordance with the calibration 
efficiencies (e.g.. Fig. 1) were approximately norma- 
lized to one level. This superposition for the first 10 
min of free flight is shown for three of the prime ions 
present. The solid curve for and the dashed curve 
for H * consist of line segments connecting the actual 
normalized data points and are not smoothed curves. 

Initially after release at 00: 10 G.M.T. at a range of 
6.4 m (measured from the Shuttle center of mass, 
which is located approximately 3 m from the top of 
the circular, 4.6 m diameter payload bay envelope) 
water was the dominant ion detected. During this 
period the aperture of the spectrometer was slowly 
turning from its initial upward direction towards the 
Shuttle as the PDP spun up. Just before 00: 12 G.M.T. 
by using its Reaction Control System thrusters the 
Shuttle began to increase its distance from the PDP. 
The range indicated in the figure is based on a model 
(Pickett and Murphy, personal communication) using 
pre-mission planning since the Shuttle’s range radar 
did not lock on to the PDP until the very end of the 
period plotted in Fig. 4. A definite spin modulation 
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Fig. 4. Spin modulation of ion currents after release. 

Current profiles for three ions detected on release show the existence of flow enhancements of the collected 
current fluxes The water ions are streaming into the wake of the shuttle from a different direction than 

the flowing ambient ions O* and H*. 


of the collected ion fluxes was observed, indicating 
plasma streams in the wake. 

O* exhibited a maximum number flux into the 
spectrometer from the ram direction even during the 
first spin close to the bay The precise orientation of 
the PDP throughout the first spin cycle was not 
specified in the ancillary data base so the first ram 
point was only a guess estimated on the basis of the 
known starting orientation of the PDP and the first 
known attitude near I2:30G.M.T. This location is 
consistent with the H~ modulation which was not 
characterized by an irregular spin envelope during 
this period. What is particularly interesting is that the 
water ions also show spin modulation — evidence 
that H : 0‘ is also streaming into the Shuttle wake. 
Further. H : 0* was not moving from the spacecraft 
ram direction as was O*. but rather from a direction 
downward (i.e. taiiward) of it. In sequence the angles 
from the ram direction for the first three water ion 
current peaks were approximately 63 , 77* and 48’, 
respectively. After the third spin the spin rate had 
increased to a value such that the angular separation 
between individual ion measurements became too 
large to fully resolve the H : 0~ angle of attack 
variation. Further, the average amplitude of the 
H : 0 + currents decreased with increasing distance and 
thruster pulses of water tons became dominant over 
the background fluxes, introducing irregularities in 
the spin response. However, a skewing of the flow 
angle is still apparent in the tendency of the water 
ion currents to dominate over those of O* as the 
spectrometer turns into the PDP wake direction but 
not when it emerges from the wake. The variation of 
H * which is ambient, with no apparent dominant 


source of Shuttle origin, parallels the spin angle 
variation of the O' with proportionately larger cur- 
rents in the wake of the PDP due to its lighter mass 
(e.g. Samir et al . , 1986). 

The deflection of water ions from the ram direction 
could be related to spacecraft electric fields as con- 
sidered by Stone et al. (1983, 1986). Also, the water 
ions are initially produced stationary in the Shuttle 
frame.of reference (i.e. no momentum is transferred 
in the 0\ H 2 0 charge exchange reaction as pointed 
out by Narcisi et al . , 1983). Pickup of these ions by 
the ambient magnetic field with gyration velocities 
corresponding to the Shuttle motion perpendicular 
to the local magnetic field would produce cycloidic 
motions in the Shuttle- PDP frame of reference. This 
would lead to contaminant ion streamlines in the 
wake that differ from those of the ambient ions which 
have small gyration velocities compared to their drift 
speed. Regardless of the source, in retrospect it seems 
natural that contaminant ions produced on the ram 
side of the shuttle would stream into the wake at 
a different angle than ambient ions. Even if the 
acceleration processes in the wake were the same for 
both ion species their different initial velocity states 
would lead to different average trajectories. 

The relatively low irregular amplitude of the 0 + 
current on the first spin cycle could reflect the passage 
of the O" through dense patches of water which 
charged transferred with the ambient O* partially 
depleting it and/or a turbulent plasma divergence into 
the bay from the sides of the Shuttle (the spectrometer 
sampled flow variations only in the plane of the 
Shuttle ram and nose-to-tail symmetry axes). In 
addition to the dominant flowing component of 
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Fig. 5. Presence of thruster perturbations. 

Superimposed on the previous fiaure are molecular ion measurements for N0*,0: and for an ion with 
a mass in the range 44-47 amu. The NO" shows a tendency for a spin modulation characteristic of a 
streaming ambient plasma but is very structured. Discrete enhancements of ions correspond to periods 

with thruster firings. 


H z O" there is also a significant thermalized or 
scattered background component of this ion whose 
presence is seen by the dominance of H ; 0* in the 
wake of the spinning PDP. This component was most 
prominent near the Shuttle and gradually decreased 
with increasing separation distance until it was no 
longer detected. This velocity distribution is consistent 
with the observations of Hunton and Calo (1983). 
The presence of ion scattering dose to the Shuttle is 
also hinted at by the presence of measurable CK in 
the PDP wake during the first spin cycle which 
disappears with increasing separation distance. 

In addition to the usually prominent contaminant 
ion H 2 0*, thruster firings produce intense localized 
enhancements of other contaminant ions— particu- 
larly in the near vitinity of the Shuttle. Some of these 
were clearly seen in the release measurements. Figure 
5 shows the release data again but with the inclusion 
of the measurements of molecular ions with atomic 
masses in the range 30-32 amu and ions with masses 
in the range from approximately 44 to 47 amu. The 
lower mass range which consisted of 0 2 and NO* 
was merged from all four sensitivity levels as was 
done in the previous plot. Significant perturbations 
exist in these ions, however, and the fit is not very 
smooth. 

The very heavy ions had to be treated differently 
since an instrumental harmonic of H 2 0^ exists within 
this same mass range which could overwhelm the 
detection of an incoming ion with low concentrations. 
Since the harmonic amplitude never exceeds the 
fundamental, the real presence of such ions is estab- 
lished by plotting the measured currents in the high 


mass range for only those currents which exceed that 
of H 2 CT on the same sweep. These very heavy ions 
were present at discrete times during the first two 
spin cycles and occurred in coincidence with spike- 
like enhancements in H : 0" and NO *. Each of these 
distinctive perturbations arose with sequence firings. 
The 30-32 amu ions have previously been established 
as thruster ion contaminants (Grebowsky et a/., 1983; 
Narcisi et aL 1983), but the high mass ion has not. 
Although the spectrometer mass resolution is broad 
at this mass range and doesn’t pinpoint the ion 
precisely, neutrals in this mass range have been 
measured to be emitted during thruster firings (Wulf 
and von Zahn, 1986). One possibility is that the ion 
detected is N0 2 whose neutral molecule counterpart 
is spontaneously produced from the nitrogen tetroxide 
(N 2 0 4 ) oxidizer used in the Reaction Control System 
thrusters. C0 2 * is also a possibility but the telemetry 
mass counts tend to lay on the high mass end of the 
range indicating a mass higher than 44. 

PDP RETRIEVAL 

Another view of the near wake was provided during 
the retrieval of the PDP after the free flight period 
with a different PDP attitude. Figure 6 shows the 
major ions detected as the PDP was spun down and 
the Shuttle moved towards it for pickup. Spindown 
started just before the time period plotted. As was the 
case upon release, the PDP was positioned in the 
wake of the Shuttle throughout retrieval and pickup. 
The completion of the PDP spin down is evident in 
the figure by the cessation of the spin modulation of 


Thermal ion perturbations near Space Shuttle 

SENSITIVITY LEVEL 1 DAY 85213 

10 - 7 c 

l 

L 


509 


10 8 ir 


-80m 

Range 


I 

+ 0 * 

X H : 0" 
x NO" O-T 



Fig. 6. Spindown and retrieval. 

At the end of the free flight period time the PDP was again positioned in the wake of the Shuttle. The 
measurements shown began with the PDP at a range of 80 m. Water and the molecular ions are present 
in the spin measurements. Spindown started at 05:27 G.M.T. and was complete at 05: 52. The spectrometer 
orifice was directed nearly into the ram direction during the spundown recovery phase. As was seen during 
the PDP release, water became the dominant ion before the ion currents vanished at closest approach. 
Actual grapple by the RMS occurred at 06: 20 G.M.T. 


the currents. The Shuttle radar did not track the PDP 
within the 50 m range as the Shuttle approached 
the subsatellite for pickup. Hence, the movement in 
towards the bay from the 50 m range can only be 
discussed qualitatively. 

At the 80 m range, at which spindown started, water 
was typically present as a minor species ion as 
was NCP. (In the approach sequence there was no 
evidence in the measurements of CK — the only ion 
detected in this mass range had a consistent telemetry 
mass corresponding to a 30amu ion moving at Shuttle 
speed.) As the two vehicles moved into daylight the 
PDP stopped spinning with the spectrometer orifice 
near the direction of forward motion. Shortly there- 
after the magnitude of the ambient!?) molecular cur- 
rents began to decrease in parallel with that of O* 
as the PDP approached the Shuttle bay. On the other 
hand, the H ; 0 + flux increased and remained steady, 
becoming dominant on close approach and then, as 
was the case at release, no detectable ions were present 
at closest approach in the wake. The energy of the 
water ions from the spectrometer response was 5- 
6eV and indicative of a flowing plasma near the bay. 
On the basis of the previously discussed release data. 


it is possible that the onset of the reduction of ambient 
ion currents and the enhancement of water in the 
vicinity of the bay may not be totally rcspresentative 
of concentration variations in the Shuttle wake but 
rather a change in direction of the ions flowing into 
the wake relative to the spectrometer orifice. This is 
hinted at by the increase in the O* telemetry mass 
during recovery — in the figure, + s indicate a one- 
telemetry-mass count higher than the dots for O" 
and correspond to a lower incident ion energy. In 
any case, both the release and recovery data are 
consistent in that they both detect the strongest wake 
effects inward of approximately 50 m. 


FLY AROUND WATER OBSERVATIONS 

Two orbits were flown in which the Shuttle maneuv- 
ered far from and around the PDP. A schematic of 
the first such orbit is shown in Fig. 7. The Shuttle 
velocity vector is toward the left while the Earth is in 
the downward direction. Initially the PDP was in the 
wake of the Shuttle (the approximate boundaries of 
which are indicated by the Shuttle's Mach angle). The 
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Fig. 7. Free flight fly around. 

One of the two fly-around loops is schematically depicted showing the Shuttle s m-orbit plane location 
with respect to the PDP. The Earth is down in the figure and the Shuttle velocity is directed to the left. 
The entrance and exit of the PDP from the Shuttle s wake are roughly approximated using the Shuttle's 

Mach angle. 


Shuttle maneuvered along a flight path that then 
placed the PDP far upstream of the Shuttle followed 
by a PDP crossing of its wake. Observations from a 
passage directly across the wake at a distance of 
— 240 m downstream are shown in Fig. 8 with roughly 
approximated wake entrance and exits marked. A 
general enhancement of molecular ion densities 
occurred upon entrance into this region. The 07, 
NO * enhancement however may not be a wake effect- 
a similar enhancement was seen on the previously 
discussed pre-retrieval and pre-release measurements 
after dawn. A post-dawn enhancement in the ambient 
NO* is expected not only because of the onset of 
photoionization but also because at the higher winter 
latitudes traversed near dawn, corresponding to main 
ionospheric trough latitudes, enhanced sources of 
ambient NO* and 0 2 exist (e.g. Brinton et aL 1978). 
A trough in the collected current of O* is apparent in 
the envelope of the O * variation near the terminator. 

The existence of water ions far down the wake is 
expected due to the drift of water ions produced in 
the vicinity of the Shuttle resulting from ion-pickup 
by the magnetic field, electric field accelerations 


associated with the filling process of the wake, or 
ambient particle collisions. Also, since the Shuttle 
fired its thrusters to activate the wake transfer and in 
the process produced patches of water around the 
Shuttle and PDP, enhanced background water con- 
centrations would have been present. A similar scen- 
ario might even result in NO*, 0 2 enhancements in 
the far wake. Unfortunately, as has previously been 
noted, it is not possible to sort out ambient from 
contaminant variations in the measurements of these 
species. 

In any case contaminant water ions were not just 
confined to the wake but were even detected 300- 
400 m upstream of the Shuttle. An example of this 
from the free flight is shown in Fig. 9. These upstream 
measurements may not indicate a large steady-state 
contaminant cloud about the Shuttle but rather the 
localized effects of thruster firings. Whenever the 
PDP changed position relative to the Shuttle it was 
accomplished by thruster firings, the plumes of which 
at times expanded towards or left a scattered residue 
of gases in the vicinity of the PDP. Regardless of 
the source, it is evident that the Shuttle's gaseous 
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Fig. 8. Passage into the wake. 

At a range of approximately 230 m behind the Shuttle, passage into the wake appears to be associated 
with enhancements of the water and heavier molecular ions. Due to the phasing of this crossing with 
passage into daylight and to highest winter magnetic latitudes the NO* (0 2 ) enhancements may reflect 

ambient ionosphere variations. 
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Fig. 9. Measurements far in front of the Shuttle. 

Water ions are not restricted to the near vicinity of the Shuttle or its wake. They were even detected 
upstream at a range of nearly 400 m from the Shuttle. During this period the component of the PDP s 
range projected onto the vehicle orbital direction was 300 m upstream. 
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emissions have an impact on the thermal ion compo- 
sition measurements out to separation distances of 
several hundred meters and are not just confined to 
the vehicles wake. This is perhaps not unexpected 
since ambtent neutral mean free paths at the Shuttles 
altitude are of the order of kilometers. With such long 
mean free paths neutral molecules of Shuttle origin 
are not impeded from expanding in all directions to 
beyond the separation distances attained by the PDP. 

Some discussion is warranted regarding the possi- 
bility that outgassing of the PDP itself might provide 
enough neutral water to account for the water ions 
detected far in front of the Shuttle. The earlier 
discussed pre-release, release and capture obser- 
vations showed that H 2 0" distributions detected 
from the PDP in the near vicinity of the Shuttle varied 
in response to changes in the interaction between 
the ambient plasma and the Shuttle’s own water 
emissions. The ram currents of H z O" relative to O" 
during those times were comparable to and sometimes 
even less than those observed during the free flight 
phase*. Hence, since PDP outgassing effects from the 
ions were not evident in the near vicinity of the 
Shuttle, it does not appear likely that such PDP 
emissions were responsible for the H z O " occurrences 
observed far in front of the Shuttle. 

SUMMARY AND CONCLUSIONS 

A survey of some of the thermal ion characteristics 
in the vicinity of the Space Shuttle made by a Bennett 
RF spectrometer as pan of the Plasma Diagnostic 
Package (PDP) flown on the Spacelab 2 mission 
has been presented with emphasis on the Shuttle’s 
extended wake. The near wake within and in near 
proximity to the open payload bay was found as on 
previous missions to be void of detectable ions except 
during Reaction Control System Thruster firings. In 
the latter instances shon pulses of enhanced ion fluxes 
of predominantly NO * , 0 2 a nd H 2 0 * were detected. 
A very heavy ion was also detected during the firings 
which has been tentatively identified as N0 2 . Such 
ions have their neutral molecule counterparts in the 
products of the monomethyl hydrazine and nitrogen 
tetroxide reactions (Wuif and von Zahn, 1986). 

During release from the Shuttle as a free flying 
satellite the PDP was slowly spun up as it moved away 
down the wake of the Shuttle. The spin modulation of 
the ion fluxes into the ion spectrometer indicated the 
presence of multiple plasma streams analogous to 
those studied by Stone et ai (1983, 1986). The two 
streams were composed of different ions, O* and 
H 2 0* separated in direction by as much as 77°, with 
O*, of apparently ambient origin, detected with 


a motion in the Shuttle anti-ram direction. The 
spectrometer onfice was in the PDP spin plane and 
sampled ion fluxes essentially in the plane of the 
Shuttle nose-tail symmetry line and velocity vector. 
Given a local source for the H 2 0 * production in the 
vicinity of the Shuttle, which is initially produced 
stationary in the Shuttle frame of reference, electric 
fields whether of sheath origin or the convection 
electric field associated with cross magnetic field 
motion (including magnetic field pickup of the water 
ions) will produce a different flow pattern in the wake 
from that of O * . 

Clear evidence of prominent wake plasma concen- 
tration reductions and/or two-stream effects were seen 
out to 50 m from the Shuttle on release of the PDP. 
This was also seen on the retrieval of the PDP in the 
wake after free flight. Inward during retrieval at the 
50 ra range, distinct reductions began in the ambient 
ion currents collected and the corresponding water ion 
currents became enhanced. Just outside the detectable 
plasma void of the Shuttle wake, as observed on both 
the release and retrieval, H 2 0* was dominant. 

During the free flight phase the satellite was flown 
across the wake of the Shuttle at a distance of several 
hundred meters. The ion measurements indicated 
enhancements of H ; 0* and NO* (0 2 ) at these large 
distances. Although the H 2 0* ions are of definite 
Shuttle origin, because the wake entrance took place 
at the most poleward latitudes and just after sunrise 
the NO* (0 2 ~) ion variations may just reflect these 
inputs to the gas-piasma environment rather than a 
distinct far wake effect. The effects of the Shuttle on 
the ambient plasma are not restricted to its near 
vicinity or plasma wake. Water ions were also detected 
several hundred meters upstream of the Shuttle. This 
indicates that the gaseous emissions expand far in all 
directions and couple to the ionosphere beyond the 
400 m distance sampled by the PDP. The further 
introduction of N 2 and 0 2 gases along with H z O 
may make the near environment of the Shuttle a most 
unsuitable place for making accurate ambtent ion 
concentration measurements — both because of 

increased loss rates of ambient O * and the production 
of molecular ions that exist in the ionosphere. 
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Abstract During the Spacelab-2 mission a small satellite 
carrying various plasma diagnostic instruments was released 
from the shuttle to co-orbit at distances up to 300 m. During a 
magnetic conjunction of the shuttle and the satellite an electron 
beam modulated at 1.22 kHz was emitted from the shuttle dur- 
ing a 7 min period. The spatial structure of the electromagnetic 
fields generated by the beam was observed from the satellite 
out to a distance of 153 m perpendicular to the beam. Elec- 
tromagnetic radiation at the fundamental and the harmonics 
of the modulation frequency was observed as well as broad- 
banded electrostatic noise. The magnetic field amplitude of 
the strongest harmonics were comparable to the amplitude of 
simultaneously observed whistlers, while the electric field am- 
plitudes were estimated to 1-10 mV/m. The observations are 
related to theories for radiation from pulsed electron beams. 

1. Introduction 

^iRis paper presents new results about the spectrum, in- 
tensity, and polarization of electromagnetic wave fields gener- 
ated by launching a pulsed electron beam into the ionosphere 
from the space shuttle. Previous experiments with rockets 
[Cartwright and Kellogg, 1974; Winckler, 1980; Holzworth and 
Koons, 1981; Winckler et al., 1985} have successfully detected 
electron beam-produced waves in the VLF and ELF portions of 
the radio spectrum for brief intervals limited by the rocket tra- 
jectory. Earlier measurements by the research groups involved 
in the present experiments have been made from the shuttle 
with the OSS-1 mission of STS-3 in March, 1982 [Reeves et al M 
1987]. Using plasma diagnostic instruments described later, it 
was found that electron bursts of various duration and pulsing 
frequency would generate strong ELF and VLF signals, both at 
the fundamental pulsing frequency and at various harmonics. 
Peculiar satellite lines were also found to surround the higher 
frequency signals up to the limit of observations at 30 kHz. 
Satellite lines are emissions separated in frequency from the 
harmonic spectral lines generated by the pulsed electron beam. 
The separation ranged from 100 Hz to 1 kHz. Most commonly 
satellite lines appeared as single subsidiary lines, which were 
higher in frequency than their primaries. However, since the 
electron source, the Fast Pulse Electron Generator (FPEG), 
and the instruments of the Plasma Diagnostic Package (PDP) 
were virtually co-located within the shuttle payload bay, the 
question of the extent to which these observations represented 
waves in the ambient plasma medium could not be answered. 

The Spacelab-2 mission, flown in the period of July 25 
through August 2, 1985, provided a unique opportunity both to 
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repeat the earlier payload bay electron beam experiments and, 
during two orbital periods, to investigate the behavior of beam 
associated phenomena with the PDP flying as a co-orbiting, 
free-flying, satellite. During the course of this fly-around care 
was taken to permit the PDP and shuttle to have two magnetic 
conjunctions per orbit. At these times the FPEG in the shuttle 
payload bay was programmed to fire various sequences with the 
beam pointed in the direction of the PDP. During the first com- 
plete orbit, no FPEG firings were undertaken in order that the 
PDP could assess the background environment associated with 
the motion of the Orbiter through the ionospheric plasma. On 
the second orbit, the first magnetic conjunction was obtained 
with the PDP above the Orbiter and the FPEG firing a con- 
tinous (DC) beam. Results from this experiment have been 
reported by Gurnett et al. [1986], showing the FPEG beam 
emits copious broad band whistler noise in the VLF, LF and 
MF bands and that this emission is similar to that found in 
conjunction with auroral electron beams. 

The results presented here were obtained in connection with 
the fourth magnetic conjunction when the PDP was below the 
Orbiter at a distance of about 200 m, and the Orbiter payload 
bay was pointed towards the earth. A sequence emitting an 
electron beam square- wave modulated at 1.22 kHz began while 
the PDP was within a few meters of the actual conjunction 
point and continued for a period of about 7 minutes. During 
this time the PDP moved 153 meters perpendicular to the mag- 
netic field as seen in the shuttle rest frame. As discussed below, 
the experiment was highly successful in generating VLF signals 
of substantial amplitude, both at the fundamental pulsing fre- 
quency and at the harmonics. 

The PDP was supplied by the University of Iowa. It car- 
ried various plasma diagnostic instruments, including an elec- 
tric dipole antenna and a magnetic search coil, which were con- 
nected alternately for 51.2 s to a wave receiver with a 10 kHz 
bandwidth. When connected, the wave receiver scanned a 30 
kHz frequency range by selecting 10 kHz bands as: 0-10 kHz 
(25.6 s), 10-20 kHz (12.8 s), and 20-30 kHz (12.8 s). In addition, 
an ELF band at 0.1- 1.0 kHz was continuosly monitored by the 
same antennas. Both receiver outputs were controlled by an 
Automatic Gain Control (AGC) system, which ensured a 100 
dB dynamic range and a roughly constant output level. The 
output in the ELF and VLF bands was telemetered in analog 
form, and the 10 kHz VLF band was later digitized at 25 kHz. 
For a description of the PDP and the instruments, see Shawhan 
[1984]. The FPEG was part of the Vehicle Charging and Poten- 
tial (VCAP) experiment supplied by Stanford University and 
Utah State University. It emitted square-wave modulated elec- 
tron beams with 100 mA beam current and 1 keV energy. The 
rise time of the accelerator potential was extremely small, of 
the order of 10“ 7 s. During the fourth flux-tube connection the 
beam was pulsed at 1.22 kHz, with the beam on time equal to 
its off time (50 % duty cycle). For a description of the VCAP 
instrumentation, see Banks et al. [1987]. 
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2. Observations 


The shuttle was launched into an almost circular orbit with 
a nominal altitude of 325 km and an inclination of 49.5 . The 
trajectory of the PDP relative to the shuttle during the fourth 
magnetic conjunction is shown in Figure 1. The vertical axis is 
the distance to the PDP measured along the earth s magnetic 
field, and the horizontal axis the distance perpendicular to the 
field. The pulsed beam sequence started at approximately 04:1 1 
UT and lasted for about 7 min. The shuttle attitude was ad- 
justed so that the electron beam was emitted towards the PDP. 
Thus the beam pitch angle varied from about 3° to 49° during 
the sequence. 


Pulsed Electron Beam Flux Tube Connection 



Fig. 1. The trajectory of the PDP relative to the shut- 
tle during the fourth flux-tube connection. The beam was 
directed towards the PDP. 


The conjunction occurred during nighttime. The ambient 
electron density estimated from the Langmuir probe on the 
PDP was3x 10* cm -3 [Hawkins et al., 1987], which corresponds 
to an electron plasma frequency, /pe, of about 1.1 MHz. The 
electron gyrofrequency, /<», varied from 560 kHz to 600 kHz, 


and the lower hybrid frequency, fin, from 2.9 kHz to 3.0 kHz, 
assuming the ion population consisted of 0 + . 

An example of the magnetic fields observed in the 1-10 kH^_ 
range is shown in Figure 2 as function of time. The intensit^^^k 
of the signals is color-coded showing the fundamental and tlV 
odd harmonics of the 1.22 kHz pulsing frequency as horizontal 
lines. During the time interval shown the distance of the PDP 
perpendicular to the beam increased from about 111 m to 117 
m. In addition to the emissions at the odd harmonics, weaker 
emissions at the even harmonica are also present as well as 
natural noise in the form of whistler activity. The two most 
pronounced whistlers are seen at 16-17 8 and at the end of the 
frame. Note that these whistlers reach amplitudes that are 
comparable to the amplitude of the strongest harmonics. 

The PDP was spinning with a spin period of 13 s. Both 
the magnetic and the electric sensors measured a component of 
the fields perpendicular to the spin axis. This induces a mod- 
ulation of the amplitude of the measured field* with a period 
of 6.5 s. The modulation is very noticable in Figure 2 for the 
odd harmonics, especially for harmonic numbers 5 and 7. An 
interesting point is that the spin modulation of the harmonics 
are not in phase. We expect an analysis of the amplitude mod- 
ulation to give us important clues as to the polarisation of the 

fields. , . . - 

Figure 3 shows the electric fields 51.2 s later, when the elec- 
tric sensor was connected to the receiver and the PDP was at 
a distance of 124-127 m from the beam. The strongest emis- 
sions are at the second and the third harmonics, which are spin 
modulated 180® out of phase. The amplitude of the harmonics 
has been estimated using a pre-flight calibration of the receiver 
and the AGC. The estimate agree with values obtained inde- 
pendently from a filter bank wave experiment. We find that 
the amplitude of the strongest harmonics vary from about 10 
mV/m close to the beam to about 1 mV/m at the maximum 
distance from the beam. 

In addition to radiation at harmonic frequences, the 
beam generated broad-banded electrostatic noise seen 
blue background in Figure 3. The noise is present at li 
to the electron gyrofrequency with an intensity that decreases 
with frequency. The level is about 50 dB above the natural 
noise level in the 0-10 kHz band at closest approach to the 
beam. Broad-banded electrostatic noise is commonly observed 
in connection with DC electron beam emissions [Neubert et 
al., 1986). The intensity and the frequency characteristics were 




Fig. 2. The magnetic fields in the frequency range 0-10 kHz as a function of time. The perpendicular distance 
from the beam increased from about 111 m to 117 m. 
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Fig. 3. The electric fields in the frequency range 0*10 kHz as a function of time. The perpendicular distance 
from the beam increased from about 124 m to 127 m. 


comparable to that seen during the earlier DC beam firing at 
the third fiux-tube connection [Gurnett et al., 1987] 

Harmonics in the electric signal are detectable mainly below 
the third harmonic, except when very close to the beam. The 
apparent lack of emissions at the higher harmonics could be 
caused by the high level of broad-banded electrostatic noise, 
inhibits the detection of lower amplitude harmonics, 
shown in Figure 3, a narrow-band emission is also present 
frequency of about 1.5 times the beam pulsing frequency, 
and with it, a band of noise extending up to the second har- 
monic. The noise is spin modulated and has a noticable mag- 
netic component as seen in Figure 2. The lower hybrid fre- 
quency induces a cutoff in the natural electromagnetic noise as 
whistler waves with large wave normal angles are reflected at 
this frequency. This effect is seen in Figure 2 at about 3 kHz. 
The spin-modulated noise between 1.5 and 2 times the pulsing 
frequency is presumably beam- generated and is at frequencies 
below /iff. This indicates that the noise is propagated in the 
Afven mode. We note here that electromagnetic noise of a sim- 
ilar nature, were observed earlier during the fly- around when 
the electron beam was modulated at about 100 Hz. During 
this period, the position of the PDP was about 200 m from the 
shuttle along the magnetic field, and 60-90 m perpendicular to 
the field. 

3. Discussion 


The theory of Harker and Banks [1987] predicts the coher- 
ent contribution of the field intensities generated by a square 
wave modulated beam emitted at arbitrary pitch angles in a 
cold magnetized plasma. It is assumed that the beam electrons 
radiate coherently and that the beam retains an ideal helical 
structure from the exit of the beam accelerator and to infinity, 
while processes that destroy the ideal beam coherence are sim- 
ulated by assuming that the current is exponentially decaying 
with distance along the magnetic field with the scale length 1//?, 
also called the coherence scale length. The theory is applicable 
in both the near- and far- field regions, where an observation 
point is in the far-field region if the distance from the beam is 
^uich larger than a perpendicular wavelength. 

Aife have determined some of the characteristics of the wave- 
VKs predicted by the theory for the experimental conditions 
of the pulsed flux-tube connection. They are summarized along 
with a comparison with observations in the following points: 


1) From the assumption of an exponentially decaying but 
perfectly square- wave modulated source current, it follows that 
the predicted electric and magnetic fields are generated at the 
odd harmonics of the modulation frequency as found by a 
Fourier transform of a square wave function with a 50 % duty 
cycle. While the radiation is electromagnetic in nature, detailed 
expressions of the amplitudes have so far only been derived for 
the electric field components. This renders a closer compari- 
son with theory difficult, since the electrostatic noise generated 
simultaneously is of significant intensity as compared to the co- 
herent radiation at the odd harmonics. However, from the mag- 
netic field data we conclude that electromagnetic fields were 
predominantly generated at the odd harmonics of the beam 
modulation frequency as predicted. 

2) The fields are generated through a Cherenkov resonance 
(s = 0) given by the resonance condition: 

^/« + fcin-/ s 0 (i) 

where /, Jfe, and v are the wave frequency, the wave normal, 
and the beam electron velocity, and the subscript || stands for 
the component parallel to the earth's magnetic field. The field 
intensities generated through a cyclotron resonance (s * 1) 
and anomalous cyclotron resonance (s = -1) are several orders 
of magnitude lower than the contribution from the Cherenkov 
resonance. 

The perpendicular ‘wave-lengths’ of the fields generated 
through Cherenkov resonance at 1-30 kHz are typically larger 
than a few hundred meters, which brings the observations dur- 
ing the fly-around within the near-field region. 

3) With the difficulty mentioned in point 1) in mind, we 
attempt in the following to compare the variation with radial 
distance of the electric field amplitudes to the theoretical pre- 
dictions. Solving the cold plasma dispersion relation for the 
perpendicular component of th« wave normal, k±, with fc|| given 
by (1) and s * 0 gives two physically acceptable solutions for 
I The one (root 1) is real for frequencies above Jlh *nd cor- 
responds to a propagating whistler mode wave with the wave 
normal close to the resonance cone. Below fin this root be- 
comes imaginary and corresponds to an evanescent wave. Root 
2 is real in the full 30 kHz frequency range. Below fuj it cor- 
responds to a fast Alfven wave, while above Jlh to a whistler 
wave. The theory finds that the fields corresponding to root 
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1 we the strongest in the near vicinity. However, the electric 
component of the evanecent field below fin is strongly damped 
with radial distance from the beam, typically about 1 dB/rn, 
leaving the weaker component from root 2 at larger distances. 

At increasing distances from the beam, a cutoff at frequen- 
cies below about 2 kHz is developed in the broad- banded noise, 
which is followed by a decrease in the amplitude of the funda- 
mental relative to the higher harmonics. We thus find the same 
trend in the data as predicted by theory. However, this quali- 
tative agreement exists only when a very large beam coherence 
length is assumed, and is destroyed when the coherence length 
is of the order of, or smaller than a parallel wave length. The 
parallel wavelength was for the experimental conditions about 

4) With the assumption of an infinite coherence length, the 
predicted amplitudes of the harmonics are about two orders 
of magnitude above the observed amplitudes, which reached 
levels of 1-10 mV/m. The inclusion of a finite coherence length 
brings the predictions closer to the observations when close to 
the beam, but create problems at larger distances as mentioned 

^5) The theory predicts the radial component of the electric 
emissions to be the dominant component at ail the observed 
odd harmonic frequences, and at all distances from the beam 
covered by the PDP. This has as a consequence that the fields 
are almost linearly polarized in the radial direction. A spin 
modulation is thus in general expected, although we yet have 
to confirm the specific polarization. Note, however, that the 
observation of a spin modulation at the first harmonic (Figure 
3), which is out of phase with the modulation of the third 
harmonic, is not in accordance with the theory. 

In conclusion we find that the theory of Harker and Banks 
[1987] qualitatively describes the frequency characteristics of 
the coherent electromagnetic radiation as seen in the magnetic 
field data. The observations of weaker, but noticable, even har- 
monics indicate that the current source is not perfectly square- 
wave modulated, even though the rise time of the accelerating 
potential of the FPEG gun is of the order of 10“ s. Even har- 
monics were also present in data obtained with the PDP located 
in the shuttle cargo bay, in close proximity to the FPEG. We 
suggest that radiation at even harmonic frequencies is either 
generated by the return current, or caused by a degradation of 
the electron beam coherence. 

The FPEG beam density is about 7 x 10 6 cm^ at 10 cm 
from the nozzle [Hawkins et al., 1987], which is at least two or- 
ders of magnitude larger than the ambient ionospheric density. 
Computer simulations for such overdense beams show that elec- 
trostatic potentials of the order of the beam energy are created 
at the so-called stagnation point (Pritchett and Wingiee, 1987], 
which for the conditions of the fty-around would be formed at 
a distance of some meters from the nozzle. The formation of a 
stagnation point drastically alters the beam structure by accel- 
erating and reflecting beam electrons. However, as mentioned 
by Pritchett and Wingiee [1987], the conditions for beam ex- 
periments performed from the space shuttle differs from the 
assumptions of the computer simulations. First, the shuttle 
moves through the ionosphere with a considerable velocity (7.7 
km/s) and second, the surface of the return current collection 
is largely outside of the beam column and the collecting area 
is large (40 m 2 ) as compared to the beam cross section. Both 
these effects are likely to reduce the charge build-up at the stag- 
nation point, and the observations detailed above suggest that 
the beam escapes the shuttle, largely retaining its square-wave 
modulated structure (coherence in vjj). This does not imply, 
however, that the helical structure is conserved as assumed in 
the theory of Harker and Banks [1987]. The observation of 
field intensities, which are orders of magnitude lower than those 


predicted for infinite coherence length, and the problem of in- 
cluding a finite coherence length, could point towards the beam^^ 
losing its helical structure almost immediately (incoherence 

Vi). 


Finally we point out that the observed electric field am- 
plitudes of 1-10 mV/m are of a magnitude where non-linear 
wave-particle and wave-wave interactions can become impor- 
tant (Neubert, 1982]. The possibility that the narrow-banded 
electrostatic emissions at 1.5 and 2 times the modulation fre- 
quency may be the result of such processes should be consid- 
ered. 
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Abstract — Measurements of the Space Shuttle environment from the 57*5-3 and Spacelab 2 missions 
indicate the presence of oblique ion streams and broadband electrostatic noise. A two-dimensional theor- 
etical model is applied to study a possible causal relationship between the ion streams and the broadband 
noise; especially in terms of the ion acoustic wave and ion-ion wave modes. This model predicts the 
generation of waves with frequencies ranging from the ion cyclotron frequency up to values greater than 
the ion plasma frequency, with the maximum growth rate occurring in the 10 kHz range. These results are 
consistent with the observational data from the 57*5-3 mission. The model also shows that these two wave 
modes can co-exist only when the wave vectors of the two wave modes are nearly perpendicular. The 
parametric dependence of the wave instabilities on the plasma parameters, e.g. jV b //V e , T t /T, and the 
inclination of the wave propagation vector* is also studied. 


INTRODUCTION 

Wave-particle interactions resulting from the accel- 
eration of ions in a collisionless plasma are of fun- 
damental significance in space plasma physics. Pre- 
vious observations from the IMP 1 satellite (Scarf et 
ai y 1974) and the IMP 8 satellite (Gumett et ai , 1976) 
indicate that field-aligned streams are associated with 
a continuum of electrostatic ion waves, ranging from 
10 Hz up to several kilohertz in the Earth’s mag- 
netospheric region. Recent theoretical treatments of 
ion stream-background plasma interactions (Grabbe 
and Eastman, 1984; Omidi, 1985; Akimoio and 
Omidi, 1986; Ashour-Abdalla and Okuda, 1986) also 
predict the occurrence of broadband electrostatic 
noise with wave vectors in every direction and with 
the most intense wave occurring in a direction nearly 
perpendicular to the field-aligned current. This 
behavior is consistent with the IMP 8 observations 
(Gumett et al 1976). 

More recently, measurements from the 57*5-3 and 
Spacelab 2 Space Shuttle missions have also revealed 
the existence of high inclination secondary ion streams 
in the Orbiter’s near environment (Stone et a/., 1983, 


1986). The current density of these ion streams can be 
a significant fraction of the ram current density,* and 
it is thought that these ion streams may be associated 
with broadband electrostatic noise, ranging from 
30 Hz up to 178 kHz, that was observed on the same 
missions (Shawhan et al ., 1984; Murphy et al ., 1983). 
In addition, electron-ambient ion temperature ratios 
as high as 6 were reported by Raitt et ttl ., (1984) 
and Siskind et al.. (1984) based on electron and ion 
measurements made near the Orbitcr during the 57*5- 
3 mission. The electrons may have been heated by 
wave-particle interactions to higher than normal tem- 
peratures (ambient ionospheric TjT t ratios arc usu- 
ally in the range of I to 2). A very preliminary analysis 
of the Differential Ion Flux Probe (DIFP) mcasure- 


* In Stone et al. (1983), a value of 0.08 is given for the 
secondary-to-ram current ratio, as measured by the Differ- 
ential Ion Flux Probe at a particular time. The ion curreni 
density in space can be calculated from the given value of 
collected instrument current by using the instrument charac- 
teristic. which includes angular effects on sensitivity. When 
this factor is included, the current density ratio is -0.3 for 
the particular data in Slone et al. (1983). At other times, the 
ratio was found to be as high as -0.7. 
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mcnts indicates that the temperature of ions in the 
beam is in the range of a few hundred Kelvins. 
Although such low temperatures are abnormal for the 
ionospheric plasma, they may not be unreasonable 
for ions created within the Orbitcr’s neutral gas cloud. 
Outgasing products from the Orbiter would be 
expected to be in the range of 300 K. The evidence of 
wave growth during the STS-1 mission also suggests 
that the ion beam temperature was much lower than 
the background ion temperature (Ashour-Abdalla 
and Okuda, 1986). Although a more detailed analysis 
is needed to verify the above results, we can assume 
that the beam ion temperature is less than, or equal 
to. the ambient ionospheric temperature. Although 
the source and mechanisms for the oblique ion 
streams arc still under study, the possible generation 
of broadband noise has similarities to several existing 
one-dimensional models that were developed to 
explain the observation of electrostatic ion waves in 
the ionospheric and magnetotail regions (Kintner et 
al 1981; Akimoto and Omidi. 1986. Grabbc and 
Eastman. 1984). 

We have developed a two-dimensional theoretical 
model that describes the injection of an oblique ion 
beam into a background plasma and is directly appli- 
cable to the beam-plasma interaction that appears to 
have occurred in the environmental plasma of the 
Orbiter. While the model requires TJT t » 1 for any 
significant wave growth to occur, as noted above, 
ratios as high as T t jT y * 6 were observed at the 
Orbiter (Raith et al.. 1984 ; Siskind et al., 1984). While 
the heating of the electrons probably results from 
wave-particle interactions, we note that the neutral 
gas cloud produced by the Orbiter is very extensive 
and apparently interacts with the ambient plasma ; e.g. 
a significant disturbance of the ions was observed as far 
as 10 m upstream during the STS - 3 mission (Stone et 
al . , 1986) and during the Spacelab-2 mission Orbiter 
outgasing products were observed several hundred 
meters upstream. It appears, therefore, that the neu- 
tral gas cloud is sufficiently extensive that if the 
oblique ion beams begin dumping free energy into the 
environment in the region of its upstream boundary, 
a sufficient interactive growth of broadband noise and 
electron heating could occur to explain the wave and 
particle observations prior to the Orbitcr-mounted 
instruments passing through the region ; i.e. the free 
energy of the beams would create electrostatic waves 
that would initially be Landau damped because 
T c er T, in the ambient ionosphere, but would, in this 
process, begin heating the electrons. As the electrons 
heat up. the instability created by the beam would 
begin lo grow and a more efficient dumping of beam 
frcc-cncrgy would occur and so on. The main objective 


of this paper is to show the feasibility of the predicted 
relationship between the broadband electrostatic 
noise and the secondary ion streams. This will be done 
by using the particle data obtained from the STS - 3 
mission in the theoretical model and comparing the 
characteristics of the predicted plasma instabilities 
and oscillations with the broadband noise obser- 
vations from STS- 3. 


THEORETICAL DERIVATION 

The physical situation under which the measure- 
ments of the Shuttle’s particle and field environment 
in space were obtained is described in Stone et al. 
(1983, 1986) and Shawhan et al. (1984). In developing 
an appropriate model, we make a transformation 
from the Orbiter coordinate system to a new system 
in which the geomagnetic field is aligned with the z 
axis and the relative drift velocity, V* of the secondary 
ion stream (with respect to the ambient plasma) lies 
in the y-z plane. The background electrons and ions 
are represented by local Maxwellian distribution func- 
tions, whereas the beam ions are represented by a 
drifting Maxwellian distribution function (Fig. 1). The 
wave frequency in this study is much higher than the 
ion cyclotron frequency but smaller than the electron 
cyclotron frequency, therefore it is reasonable to 
assume that the background electrons are magnetized 
while the background and stream ions are non- 
magnetized. We also assume quasi-neutrality. There- 
fore, the total number density of background and 
stream ions is equal to the electron number density. 

The derived generalized linear dispersion relation 
is essentially similar to several previous papers (for 
example, Grabbc and Eastman, 1984; Hudson and 
Roth, 1984; Omidi, 1985); this equation was ob- 
tained by using the usual method of integration 
along unperturbed trajectories. For perturbations of 
the type exp(ik * r-iwf), the collisionless Vlasov- 
Maxwell equations yield the following dispersion 
relation : 



where D(k.w) m D r (k.w) + i0,(A\w), X, = VjJyjlw p/ is 
the yth species* Debye length, w pJ * (4* N J e 1 IMjY a 
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Fig. 1 . The secondary ion stream velocity distribution function in the ambient charged particles 

reference frame. 


is the plasma frequency, « \ / TJ ICk J is species’ gyro- 
radius. Cl, - eB/M,C is the cyclotron frequency of 
the yth constituent, T,(v ; ) m e' , '/,(v / ), /,(v,) is the 
modified Bessel function of order q, and Z(q) - 
Z,(q)+iZ,(n) is the plasma dispersion function (Fried 
and Conte, 1961). The wave frequency, w, is complex 
(i.e. wm w r +iwj) with a positive growth rate. By 
assuming that Wj « *v„ equation ( 1 ) yields the linear 
frequency w, and growth rate where w, satisfies 
D,(k,w t ) - 0 and the wave growth rate is given by : 


dw t 


(2) 


RESULTS AND DISCUSSIONS 

The properties of electrostatic ion waves can be 
determined by the propagation characteristics of the 
wave in the w t -k plane under equation (1). Atomic 
oxygen ions (0 + ) are used as the ion species in this 
analysis, in accord with the observations from the 
Plasma Diagnostics Package (PDP) instruments (Gre- 
bowsky et al ., 1983; Murphy et al. % 1983). Since the 
frequency is measured by the moving wave instru- 
ments, the actual frequency is related to the measured 
frequency by w' « w — k* V„ where V % is the shuttle 
velocity. The results from the model corresponding to 
the observed range of plasma conditions (i.e. 
N t * 3.0 x 10 4 cm" 3 , 1.8 x10 s cm and 

F d ,« 1.1x10* cm s- 1 , TJT t * 2, TJT h - 7.5 and 
NJN t * 0.5) are given in Fig. 2. These results show 
that waves may be generated with frequencies ranging 
from 50 Hz up to several hundred kilohertz, and that 


the maximum growth rate occurs at frequencies in 
the range of 10 KHz, which is consistent with the 
observational data from STS- 3. 

The angle, 0, between the wave propagation vector 
and the ion beam is a parameter in these calculations 
and the results indicate that two types of wave modes 
may occur, i.e.the ion acoustic and the ion-ion modes. 
When 6 < 60°, the phase velocity is much greater than 
the background ion thermal velocity and the mech- 
anism for wave generation is mainly due to the elec- 
tron-ion beam interaction which produces ion acous- 
tic waves. However, when 6 > 60 c , the phase velocity 
is closer to the ion thermal velocity. In this case, a 
fluid type instability may occur (Tidman, 1967), and 
the wave may be produced by an instability resulting 
from the ion-ion interaction. The wave growth rate 
of this mode increases abruptly and reaches a 
maximum at 0 as 77°. As the ratio of is in- 

creased to 1, only the ion acoustic wave exists. How- 
ever, as shown in Fig. 3, where NJN t ** l, the ion 
acoustic mode disappears when the wave propagation 
vector is nearly perpendicular to the ion beam 
( 9 £ 70°). Since the ion-ion mode vanishes for 
NJN t « 1 , Fig. 3 shows the characteristics of the pure 
ion acoustic wave mode. 

Figure 4 shows the dependence of the maximum 
wave growth rate on the angle between the wave vec- 
tor and the ion stream for several values of the tem- 
perature ratio, TJTy The plasma conditions are, 
otherwise, the same as those used for Fig. 2. When 
the TJT t ratio is small (< 1.3), the ion acoustic and 
ion-ion waves are restricted to very narrow areas at 
nearly parallel ( 6 = 0°) and nearly perpendicular 
(0 2 = 76°) directions, respectively (see Fig. 4). The 
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Fig. 4. The maximum growth rate of electrostatic ion waves vs the angles between the wave 

VECTOR AND THE ION STREAM, 0, USING TjT t AS A PARAMETER, THE OTHER PARAMETERS ARE THE SAME AS IN 

Fig. 2. 


wave growth rate of both wave modes is small and 
comparable. As TJT X increases, the electron damping 
is gradually decreased and the interaction between 
the electrons and beam ions increases. Therefore, the 
wave growth rate for the ion acoustic mode increases 
and spreads over a wider angular range. When the 
TJT t ratio increases high enough such that the elec- 
tron damping can be neglected, the ion acoustic wave 
begins to saturate in the parallel direction. At the same 
time, the ion-ion wave instabilities greatly enhance the 
wave amplitude in the nearly perpendicular direction. 
The results indicate that these two wave modes can 
only co-exist when the wave vectors of the two modes 
are nearly perpendicular. The ion-ion wave growth 
rate increases much faster than the ion acoustic wave 
mode as TJT t increases. This result indicates that the 
ion-ion instability heats the beam ions more than the 
ion acoustic instability. The higher the electron-ion 
tempertature ratio, the lower the instability threshold 
in the transition region. This is to be expected from 
the observed STS - 3 thermal environment. 

The maximum growth rate vs beam ion-electron 
number density ratio is presented in Fig. 5. The results 
show that for parallel propagation (0 * 0°), the wave 
growth rate monotonically increases with number 


density ratio for the ion acoustic mode. However, 
when the angle between the wave vector and the ion 
stream increases, the number density ratio at which 
the maximum growth rate occurs is between 0.3 and 
0.8, depending on the value of 6. This is consistent 
with the results calculated by Omidi (1985). Again, we 
notice that the wave growth rate is much larger for 
the ion-ion wave mode than for the ion acoustic wave 
mode, except at higher NJN t ratios (>0.9). The 
results also show that these two wave instabilities 
cannot grow immediately (see Fig. 5) at NJN t « 0 
without a critical value of NjN t being reached, as 
Akimoto and Omidi (1986) suggested. 

CONCLUSIONS 

The Space Shuttle, with its environmental gas 
cloud, acts as a natural laboratory for the study of 
wave-particle interactions. The analysis and possible 
understanding of the interactions can be obtained 
through the use of in situ measurements coupled with 
theoretical analysis and numerial simulation. In this 
paper, we have studied the parametric behavior of the 
wave spectrum of broadband electrostatic noise in 
a magneto plasma with a superimposed drifting ion 
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Fici. 5. The maximum growth rate vs .V„,V 0 using 0 as a parameter, the other parameters are the 

same as in Fig. 2. 


stream. The drifting ions are considered to be the 
source free energy for the waves, leading to the growth 
of an instability. 

This linearized two-dimensional theory predicts the 
generation of waves over a broad band of frequencies, 
ranging from above the ion plasma frequency down 
to the ion cyclotron frequency, in agreement with the 
available in situ observations from the S7"S*3 mission. 
The instability derived in this manner produces ion 
acoustic wave and ion-ion wave emissions over a wide 
frequency range which corresponds to the observed 
frequency range for a reasonable choice of the plasma 
parameters. As we have shown earlier, the growth rate 
of the ion-ion wave mode is usually greater than the 
ion acoustic wave mode, except at higher ion beam- 
electron number density ratios or at lower electron- 
ion temperature ratios. Thus, in general, the ion-ion 
wave instability heats the beam ions more than the 
ion acoustic instability does. 

During the IMP 8 mission, Gurnett et at. (1976) 
found that the broadband electrostatic noise was gen- 
erated over most wave vector directions with the most 
intense waves occurring in the direction nearly, per- 
pendicular to an observed field-aligned current. The 
theoretical analysis by Omidi (1985) was shown to be 


consistent with the observations. The generation of 
electrostatic waves by the ion streams in the Orbitcr s 
environmental plasma is similar in some aspects to 
wave-particle interactions observed in the Earth’s 
geomagnetotail. This phenomena therefore provides 
an example of how processes that occur in natural 
space plasma phenomena, can be created and studied 
in more detail in the ionosphere. Although the 
measurements form the STS - 3 mission are unable to 
specify the direction at which the maximum growth 
rate occurred, we do predict results for the STS-3 
missions similar to those for IMP 8. During the 
Spacelab 2 mission, the PDP was spinning while in 
free flight and, therefore, the wave vector can be 
determined. The results of these measurements, when 
available, will provide a more viable test for the 
present model. 

In conclusion, we note that simulation calculations 
by Ashour- Abdalla and Okuda ( 1 986) predict electron 
heating to occur in a similar plasma model. Although, 
theoretically, the wave instability could heat the elec- 
tron population (Davidson et a/., 1970) which, in turn, 
could ionize the neutral gas cloud, the evaluation of 
the possible connection between the broadband noise, 
electron heating, and neutral particle ionization will re- 
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quire a careful consideration of electric field strengths 
and the efficiency of coupling with the electrons 
as well as wave growth rates. The present study has 
concentrated on the generation of ion acoustic and 
ion-ion waves. The authors are aware that other 
important ion wave modes, i.e. the electrostatic ion 
cyclotron and ion Bernstein waves, have received no 
attention at this point in the analysis. According to the 
observations, waves can also occur with the maximum 
growth rate at a lower frequency near the Nth order 
of the ion cyclotron frequency range. A detailed study 
of this equally important wave mode will be presented 
elsewhere. However, the present model, although 
incomplete, is adequate to show that the free energy 
associated with the high inclination ion streams is 
sufficient to ignite ion acoustic and/or ion-ion wave 
instabilities that are capable of producing the 
observed broadband noise signature. 
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Abstract — Examples of prominent thermal ion composition variations characteristic of the Shuttle environ- 
ment as observed from within the open cargo bay on the Spaceiab 2 mission are discussed. Although the 
prominent ionization source is the inflow of the ambient plasma {in particular O' 1 "), water ions of Shuttle 
origin were present throughout the mission, and there was evidence for a local source of molecular ions 
NO ^ and/or 0 : + which also exist in the ionosphere. Bursts in the fluxes of these contaminant species were 
frequently observed coincident with thruster firings while 0 + depletions or enhancements could occur 
depending on the scattering geometry. These effects bring into question whether reliable ambient thermal 
ion measurements can be made from the vicinity of such vehicles. The presence of significant inflows of 
contaminant ions into the bay within the Shuttle wake also indicates that Shuttle emissions play a significant 


role in the evolution of its wake structure. 


INTRODUCTION 

The University of Iowa Plasma Diagnostic Package 
(PDP) activities on the Spaceiab 2 (SL-2) mission were 
planned to explore the properties of the plasma and 
fields within a wide range of regions about the Shuttle. 
This was done by taking measurements not only from 
its secured position within the open cargo bay but also 
at various locations from the Remote Manipulator 
System (RMS) arm and as a free-flying satellite. One 
of the instruments on the PDP was a Bennett RF 
ion mass spectrometer which measured effects of the 
Shuttle’s gaseous emissions and structural geometry 
on the ambient thermal ions. A detailed knowledge of 
this interaction is needed to determine what type of 
reliable ambient plasma measurements can be made 
near large, gas emitting space structures. It is also 
needed in order to determine the extent of the control 
one can have over plasma science experiments using 
such vehicles as large experimental laboratories mov- 
ing through an extensive magneto-plasma. In this 
paper ion mass spectrometer observations made 
within the SL-2 bay will be used to pinpoint the more 
prominent ways in which thermal ion measurements 
are affected by the Shuttle. Observations made on the 
RMS just prior to release and after capture, as well 
as some of the free flying measurements, have already 
been considered (Grebowsky et al ., 1987). 


SPECTROMETER CHARACTERISTICS 

The ion mass spectrometer flown on the PDP was 
of the Bennett RF genre (Bennett, 1950). Thermal ion 
spectrometers flown on satellites to make ambient ion 
measurements are usually oriented to look into the 
vehicle ram direction. On the Space Shuttle many 
experiments compete for optimum orientations. As a 
result the look direction of spectrometers fixed within 
the bay is necessarily often facing in a non-ideal direc- 
tion for measurements of ambient ions. However, 
such orientations can prove interesting from the view- 
point of observing Shuttle perturbations. Due to the 
complex attitude variations of the Shuttle and the 
positioning of the PDP in the midst of a complex 
payload bay configuration a routine conversion of 
collected ion currents into corresponding number den- 
sities was not feasible. Hence only the raw ion currents 
collected, which are dependent on the number flux 
of ion species entering normal to the aperture, are 
considered here. 

The ion spectrometer on the SL-2 mission had a 
less effective mass resolution than that of similar 
instruments flown on other satellite missions (such 
as OGO , Atmosphere Explorer, and Pioneer Venus 
spacecraft). Since the RF section of Bennett spec- 
trometers sorts ions on the basis of their axial velocity 
(Bennett, 1950), the instrument is responsive to tur- 
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SPACELAB-2 AFT 
PALLET FRONT VIEW 



Fig. 1 The location of the Plasma Diagnostic Package 
(PDP) WAS ON THE portside in the aft pallet of the SL-2 
payload. 

The view depicted is from the front of the bay. The location 
of the ion mass spectrometer (IMS) on the PDP is such that 
within the bay it is looking directly forward parallel to the 
Shuttle x axis (along the nose-tail line). 

bulent and multi-energy ion flows near the Shuttle, 
features which were prominent on earlier missions 
(Stone et al . , 1983; Raitt et al 1984; Hunton and 
Calo, 1983 ; Pickett et al., 1985). As a result, masses 
such as 1 7 amu, which have been detected, and minor 
ionospheric ions with a mass within 1 or 2 amu of a 
more dominant one were not always unambiguously 
detected during the mission even when they were 
expected. As a consequence of this, subsequent SL-2 
plots will refer to the molecular ion species NO* and 
H 2 0* only with the understanding that the presence 
of adjacent mass ions cannot be ruled out. 

SURROUNDINGS OF IMS AND SL-2 

The launch position of the PDP was on the port side 
of the aft pallet (Fig. 1) with the ion mass spectrometer 
(IMS) looking forward. The ramming ambient 
plasma had an unoccluded, although oblique, flow 
component into the spectrometer only when the 
Shuttle was flying with its nose forward and down 
slightly. With regards to adjacent structures, the PDP 
has no large obstruction on the port side between it 
and the port bulkhead. However, on the starboard 
side just forward of the PDP is an X-ray telescope 
which extends above the PDP toward the payload 
bay envelope. Hence a distinct port-aft difference is 
expected in the incoming ion fluxes detected by the 
spectrometer. 


In the absence of simultaneous ambient ion obser- 
vations in a region unperturbed by the Shuttle, pre- 
vious satellite observations must be used to describe 
its immediate ion environment. For this purpose 
Atmosphere Explorer C and E. which flew for exten- 
sive periods at SL-2 altitudes in the vicinity of 300 km, 
will be used. A measure of the range of variations in 
the ion composition that could occur along a typical 
orbit of SL-2 was obtained by sorting out all the 
thermal ion concentration measurements made by the 
Bennett RF Ion Mass Spectrometers on both satel- 
lites. All ion data obtained within a band of altitudes 
about that of SL-2 and within a latitude window that 
straddled a typical SL-2 orbital track in magnetic 
latitude and local time were plotted along the orbit 
(Fig. 2). From these observations the most prominent 
ions anticipated along the SL-2 orbit were O * and the 
moleculars NO* and O t (the latter is not plotted but 
its concentrations and variability were similar to 
NO*). During the daytime the ambient O* variation 
should have been relatively smoothly varying along 
the Shuttle’s orbit on the SL-2 mission, but pre- 
cipitous changes and irregularities in the ambient con- 
centrations could be expected at night. Other ambient 
ions observed in the AE sort included N7, N*, H* 
and He*. These ions were detected at times through- 
out the SL-2 mission but will not be considered here. 

OBSERVATIONS IN BAY 

An example of ion measurements within the bay 
early in the mission which displayed the most promi- 
nent features of the interplay between the Shuttle and 
the ambient ionosphere is shown in Fig. 3. These data 
were taken only a few hours after turn on of the PDP 
instruments following the Spacelab launch (on 29 July 
1985 at 21:00 G.M.T.). As depicted in the plot, the 
Shuttle’s attitude was being reconfigured for an orbit- 
circularizing Orbital Maneuvering System (OMS) 
burn. The Shuttle's altitude rose from 222 km at the 
beginning of the interval plotted to 319 km at 03:23 
G.M.T. when a 47 s duration OMS bum took place. 
During the attitude change the orientation of the 
Shuttle with respect to the orbital plane was par- 
ticularly useful for highlighting general ram-wake ion 
behavior. It was essentially flipped about its y axis 
(i.e. it pitched over along the orbit with its wings 
directed, within a few degrees, perpendicular to the 
orbit plane). 

The most obvious characteristic of the ion fluxes 
collected within the bay during this period was the 
overall absence of significant ionization when the bay 
(and the IMS) were facing into the wake of the moving 
vehicle. The observed ram-to-wake drop in the total 


Thermal ion complexities 


1465 


30 0 -30 -60 -30 0 30 60 



MAGNETIC LOCAL TIME 


2 

g 

z 

o 

H 

Z 


u 

z 

o 

o 


MAGNETIC LOCAL TIME 

Fig. 2. O* and NO* concentrations made by the Bennett RF ion mass spectrometers on Atmosphere 
Explorers C and E from 1973 through 1979 typify the SL-2 ambient environment. 

The data were selected from within a ± 10° latitude window about a SL-2 orbital track in magnetic local 
time and latitude. Measurements were restricted to 270-330 km altitudes and to 30 day intervals about 
day 212 and about day 31 with the signs of the latter latitudes reversed to agree with the latitude-season 

dependence of the SL-2 orbit 



ion flux by at least 4 orders of magnitude is typical of 
that expected and previously observed for the fluxes 
in the vicinity of such a large vehicle (Raitt et al . , 
1984; Siskind et al . , 1984; Samir et al 1986). In 
addition to this gross effect, the collected currents of 
inflowing ambient ions will increase as the ions ram 
more directly into the spectrometer. The latter 
behavior is indeed apparent in the 0 + current in Fig. 
3, which increases with decreasing angle of attack of 
the spectrometer into the ram direction until shadow- 
ing of the incoming plasma flow by the forward 
Shuttle cabin begins. The NO * ions followed a similar 


response when the IMS attack angles were smaller 
than approximately 45°. However, when the Shuttle 
bay was first turning into the ram direction and the 
IMS angle of attack was near 90°, the NO + current 
was large relative to that of 0 + . This is not the 
expected response for an ambient flowing ion since it 
is well established (Samir, 1970) that the rate of 
decrease of collected currents in a flowing plasma with 
increasing angle of attack is faster the heavier the ion 
species. Since the bay was oriented into the velocity 
direction at this time, this indicates the presence of a 
Shuttle derived source of NO + ions. This is consistent 
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DAY 21 1 POP IN BAY LEVEL 2 



Ftc. 3. Ion measurements from an orbit early in the mission from the parked PDP position with 

THE BAY ARE SHOWN. 

The Shuttle was flipping in preparation for an OMS bum near 03:23 G.M.T. The attitude variation 
provided a relatively simple geometry for discerning angle of attack variations of the ambient collected 
currents into the spectrometer and the different behavior of contaminant ions produced in the Shuttle 

environment. 


with the observed variation of the contaminant ion 
H 2 0 + which peaks in the same region and whose 
current does not track the IMS attack angle but rather 
the angle of the bay into ram. Although there were 
undoubtedly ambient ion concentration variations 
along the orbit it is evident that the dominant effect 
on the in-bay distributions is the Shuttle attitude. 

The effects of thruster firings during this sequence 
of measurements were most evident near 03:03 and 
03:23 G.M.T. as short-lived enhancements in the 
molecular ion current densities — the first occurring 
during a Reaction Control System sequence of firings 
and the latter during the OMS system bum. Con- 
centration enhancements of these molecular ion spec- 
ies are commonly observed in the vicinity of the 
Shuttle in association with engine firings (Narcisi et 
a/., 1983 ; Grebowsky et al ., 1983) and are consistent 
with the ionization of their neutral counterparts that 
has been observed (Wulf and von Zahn, 1986) to be 
emitted by the thrusters which employ the reaction 
between monomethyl hydrazine and nitrogen tetrox- 
ide. Observations of ambient 0 + ion flux depletions 
near the Shuttle during firings, such as occurs near 
03:03 G.M.T. in Fig. 3, were observed on the earlier 
STS-4 mission. This is not unexpected since the O* 
loss rate through charge exchange with water mol- 
ecules is very rapid compared to the nominal ambient 
O* chemical loss rate (e.g. Mendillo and Forbes, 
1978). However, over the entire SL-2 mission O* 


depletions during engine bums were not always or 
even typically observed when the PDP was secured in 
the bay. This is partially due to the fact that most 
firings are short in duration (usually less than a 
second) compared to the sweep period (2.3 s) of the 
IMS through all masses. Ion scattering plays a part 
also as will be evident in the next example orbit. 

Many of the orbits with the PDP parked in the bay 
are characterized, as in Fig. 3, by a generally totally 
depleted plasma wake behind the Shuttle. However, 
ions can get into this strongly depleted wake as is 
evidenced by the trace level enhancement of the water 
ion flux near 03:32 G.M.T., which occurred when the 
Shuttle velocity was at an angle of 135° from the 
outward bay normal. Such ion flux enhancements in 
the wake are sometimes coincident with thruster 
firings. These enhancements would be the result of the 
momentary scattering of thruster ions into the wake 
or the pickup of locally produced ions by the ambient 
magnetic field, which causes them to gyrate into the 
wake. However, the isolated wake event in Fig. 3 is 
much longer in duration than the vernier engine firings 
that took place at that time. It is more likely, therefore, 
that it results from a discrete stream of plasma directed 
into the near wake — perhaps one of the multiple 
streams that have previously been observed from 
measurements on the RMS (Stone et al ., 1983). 

The ion flux behavior seen on the orbit depicted in 
Fig. 3 is one of the least complicated examples 
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Fig 4 These data were obtained on an orbit in which the attitude was being controlled to test 

THE Ip S. 

Frequent vernier thruster firings were needed to maintain the attitude. The angles of the Shuttle velocity 
vector with respect to vectors out of the IMS, bay and port side are listed. 


obtained from within the bay during the SL-2 mission. 
A later orbit example shown in Fig. 4 provides a 
glimpse of more complicated in-bay ion behavior 
resulting from ambient ion and Shuttle interaction 
processes. In this circumstance the attitude of the 
Shuttle was dictated by another experiment — it was 
an orbit dedicated to verification flight testing of the 
Shuttle’s Instrument Pointing System. The spec- 
trometer was looking into the forward direction of 
the Shuttle's motion at all times until approximately 5 
min before the end of the period plotted, but the bay 
was exposed to the ram direction only subsequent to 
11:22 G.M.T. Also, the component of the motion 
in the port-aft direction changed twice during the 
period. 

The observations near and after dawn when the 
bay and IMS aperture were angled toward the ram 
direction show the expected drop off of the ambient 
0 + with increasing IMS attack angle and the overall 
buildup of the H 2 0* fluxes with increasing exposure 
of the bay to the ram direction. What was not 
observed was the usual absence of ion fluxes in the 
wake of the Shuttle. Enhanced fluxes of ambient O* 
were detected when the bay was facing as much as 
110° from the ram direction. The water ion fluxes 
peaked even further into the wake. The shift between 
the 0 + and H 2 0 + maximum currents in the wake 
implies different average flow directions for the con- 
taminant and ambient ions streaming around the 


Shuttle. The behavior of the NO + follows the con- 
taminant profile in the wake also. Hence the Shuttle’s 
plasma wake differs significantly from ground-based 
experimental and theoretically studied wakes in that 
ions produced from Shuttle emissions play a sig- 
nificant role in wake filling processes. Further, the 
obvious reduction in currents when the Shuttle was 
moving towards its starboard direction (between 
11:16 and 11:26 G.M.T.) indicates that plasma 
shadows produced by in-bay structures further com- 
plicate the near plasma wake. 

There was a relatively large number of vernier 
thruster firings during the period displayed in Fig. 4 
as well as the detection of comparatively low undis- 
turbed ion current magnitudes. These two factors 
account for the increased number of distinctive 
thruster ion current spikes observed in the molecular 
ions compared to the previously discussed data 
sample. Another feature worth noting is the presence 
of, at times, spike-like enhancements in the O* current 
during firings. 0 + is not expected to be emitted from 
the thruster chambers, nor will it be enhanced in con- 
centration by the chemical interaction of the neutral 
thruster effluents with ambient ions since the ambient 
0 + provides the charge. One possibility is that ambi- 
ent O * trajectories are momentarily perturbed by elec- 
tric field changes induced by the firings — e.g. the PDP 
electric potential on the STS-3 mission was found to 
change during thruster firings (Pickett et al . , 1985). 
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Fig. 5. An example of ion measurements during a water dump shows an enhancement of water 

IONS THROUGHOUT THE DUMP. 

The attitude is schematically indicated by the time intervals in which the incoming ambient ram velocity 
had a component into the IMS, the bay and portside. The crosses denote minimum angles — the angles 
increase monotonically away from these points. H 3 0 + ions were also detected amidst the irregularly 

varying H 3 0* ion fluxes in the wake. 


Another is that ambient ion scattering by the thruster 
gases will produce short-term scattering effects as has 
been observed for the neutral gases (Wulf and von 
Zahn, 1986). 

The effects of ion-neutral scattering processes and 
the filling in of the Shuttle wake are most vividly seen 
during water dumps. Figure 5 shows an orbital seg- 
ment of observations within the bay during a period 
of water release on the next-to-last day of the Spacelab 
2 mission. The varying attitude of the Shuttle is 
roughly indicated by the intervals when the incoming 
ram velocity was directed into the bay, the portside, 
and the IMS. The minimum angles of attack occurred 
at the points marked by crosses and increased mon- 
otonically away from these points. The actual attitude 
of the Shuttle was prescribed by an X-Ray Telescope 
star cluster tracking. 

The usual enhancement of the 0 + flux when unob- 
structed ambient flow enters the IMS is evident once 
the PDP emerged from the plasma shadow of the 
starboard payload instruments near 05:15 G.M.T. 
The NO* current maximized near the minimum 
unobstructed IMS attack angle as expected for ambi- 
ent incidence. The H 2 0 + currents increased with the 


onset of the water dump and were detected far towards 
the anti-ram direction of the Shuttle until the bay 
was 140° from ram and the water dump terminated. 
During the dump there was a mixture of 18 and 19 
amu ions detected in the wake with very irregular flux 
variations. The 19 amu ions are presumably H 3 0 + 
ions resulting from collisions between water ions and 
a dense cloud of neutral water molecules (Hunton and 
Calo, 1983). The flux irregularities are consistent with 
the production of plasma turbulence by such water 
releases (e.g. Pickett et a/., 1985). Thruster firings 
produced the usual isolated spike-like enhancements 
of the NO + currents. Thruster enhancements of water 
ion fluxes, however, were not detectable within the 
much more dense contaminant ion cloud resulting 
from the water dump. 

COMMENTS 

Thermal ion measurements made within the 
Shuttle’s open cargo bay show vividly the sources 
of plasma variability in the. near Shuttle ion environ- 
ment. Measurements of ambient plasma variations in 
the near vicinity of such structures are obviously going 
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to be compromised. Measurements made under 
different attitude configurations are useful for under- 
standing the plasmadynamic interactions between a 
large vehicle and a flowing plasma at parametric scale 
sizes unattainable in the laboratory. In the case of the 
Shuttle, however, locally generated ion species play a 
significant role in this interaction as is evidenced by 
the dominance of water ions in its wake. Finally, 
measurements made within the open bay envelope are 
dominated, to a great extent, by the payload con- 
figurations resulting in a unique ion environment for 
each individual Shuttle mission. 
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During the shuttle’s Spacelab 2 mission the University of Iowa's plasma diagnostics package (PDP) 
was released from the shuttle to free fly. At times during this free flight when the PDP was magnetically 
connected to the shuttle, Stanford's fast-pulsed electron generator, located in the shuttle cargo bay, 
ejected a 1-keV, 50-mA electron beam. The plasma wave instrument on board the PDP detected intense 
whistler mode radiation during these beam ejections. This paper presents a study of a whistler mode 
emission detected during one particular continuous electron beam firing. Calculations indicate that the 
beam radiated approximately 1.6 mW in the whistler mode as the beam traversed the 200 m from the 
shuttle to the PDP. The emissivity also decreased by about a factor of 10 over this same distance. The 
measured wave powers are 10 7 greater than wave powers expected from incoherent Cerenkov radiation, 
verifying that the radiation is generated by a coherent process. Estimates of the emissivity based on 
measured electric field intensities in the beam indicate that the whistler mode noise is produced by 
radiation from electron bunches created by an electrostatic beam-plasma instability. 


Introduction 

In this paper we describe an electron beam experiment per- 
formed on the Spacelab 2 (SL 2) mission. The Spacelab 2 
flight, which was launched on July 29, 1985, included an elec- 
tron accelerator called the fast-pulsed electron generator 
(FPEG) from Stanford University and a spacecraft called the 
plasma diagnostics package (PDP) from the University of 
Iowa. During a 6-hour period on August 1, 1985, the PDP 
was released from the shuttle to investigate plasma effects in 
the vicinity of the shuttle. During the PDP free flight, the 
shuttle was maneuvered so that the PDP passed near mag- 
netic field lines connected to the shuttle. Four such magnetic 
conjunctions were achieved. During one of these magnetic 
conjunctions a 1-keV, 50-mA electron beam was continuously 
ejected from the shuttle so that radiation effects could be 
monitored as the PDP passed near the magnetic field line 
carrying the beam. Plate 1 shows a frequency versus time 
spectrogram from the PDP plasma wave instrument during 
this electron beam event. The funnel-shaped signal extending 
from the electron cyclotron frequency f c down to approxi- 
mately 30 kHz is whistler mode radiation from the electron 
beam. This whistler mode radiation was first described by 
Gurnett et al. [1986]. Our objectives in this paper will be to 
determine the total radiated power from the beam and com- 
pare it with the power predicted by various whistler mode 
radiation mechanisms. 

Whistler mode emissions are known to be produced by 
i^th artificial and natural electron beams. Some of the early 
^nervations of emissions from artificial electron beams were 
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made in the early 1970s by the University of Minnesota group 
using the Echo rocket experiments [ Cartwright and Kellogg , 
1974; Kellogg et al., 1976; Monson et al., 1976; Winckler, 
1980]. Observations of beam-generated emissions were also 
made on the joint Franco-Soviet Artificial Radiation and Au- 
roras Between Kerguelen and the Soviet Union (ARAKS) 
beam experiments [ Dechambre et al., 1980]. The first space 
shuttle electron beam experiment was performed in March 
1982 as part of the Space Transportation System 3 (STS 3) 
mission. On this flight the PDP was carried on the shuttle 
remote manipulator arm, and the FPEG was used to produce 
an artificial electron beam. During electron gun firings a possi- 
ble whistler mode signal was detected from the electron beam 
[Shawhan et ai, 1984]. In December 1983 the Phenomenon 
Induced by Charged Particle Beams (PICPAB) experiment 
was carried as part of the Spacelab 1 mission. The PICPAB 
experiment was specifically designed to investigate radiation 
from electron beams injected in the ionosphere. As in the 
other previous experiments, whistler mode signals were again 
detected when the electron gun was fired [ Beghin et ai, 1984]. 

Whistler mode radiation is also produced in the auroral 
zone in association with the field-aligned electron beams that 
are responsible for the aurora [Gurnett , 1966]. This radiation 
is usually called auroral hiss. Both upward and downward 
propagating auroral hiss has been observed [Mosier and 
Gurnett. 1969]. The downward propagating auroral hiss is 
associated with downward moving electron beams with 
characteristic energies of a few hundred electron volts [Gur- 
nett, 1966; Hartz, 1969; Gurnett and Frank, 1972; Laaspere 
and Hoffman, 1976]. The upward propagating auroral hiss 
often has a V-shaped spectrum called a “saucer” [Smith, 1969; 
Mosier and Gurnett, 1969; James, 1976] or a “funnel” [Gurnett 
et al., 1983]. Upward propagating auroral hiss has been ob- 
served in association with upward moving field-aligned elec- 
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Plate 1. A frequency versus time spectrogram from the PDP plasma wave instrument showing intense emissions 
during a dc electron gun firing. The funnel-shaped structure that extends from the electron cyclotron frequency/, to about 
30 kHz is whistler mode radiation from the beam. 
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on beams [ Lin et al, 1984]. The characteristic frequency- 
le shape of the saucer or funnel is a propagation effect that 
occurs for whistler mode waves propagating near the reso- 
nance cone. Garnett et al [1986], in their initial analysis of the 
Spacelab 2 results, showed that a similar wave propagation 
effect was observed for the whistler mode signals generated by 
the SL 2 electron beam. 


Electric Field Polarization 

To confirm that the radiation from the Spacelab 2 electron 
beam is propagating in the whistler mode, we compare the 
electric field polarization with the polarization expected for 
the whistler mode. The whistler mode has a polarization that 
depends on the wave frequency f, the wave normal angle 0, the 
cyclotron frequency / f , and the plasma frequency f p . Using 
cold plasma theory [Srix. 1962], the electric field and index of 
refraction vectors can be calculated as a function of f,6f e , and 
f p . For the whistler mode the index of refraction varies 
strongly as a function of the wave normal direction. This vari- 
ation can be represented by an index of refraction surface, n(0), 
which is a surface that is defined by the loci of index of refrac- 
tion vectors at different wave normal angles. Figure 1 shows 
the index of refraction surface for the whistler mode. At a 
limiting wave normal angle, known as the resonance cone 
angle 0 ReB , the index of refraction goes to infinity. The reso- 
nance cone angle is given by tan 2 0 Rei = —P/S, where P * 1 
— f p 2 /f 2 and S = 1 —f p 2 /{f 2 —f c 2 )' As the wave normal ap- 
proaches the resonance cone, the electric field E becomes lin- 

I arly polarized with E parallel to n. In this limit the electric 
lid is quasi-electrostatic and the group velocity is perpen- 
icular to E and n (see Figure 1). 

In a previous paper [ Gurnett et al, 1986] the funnel-shaped 
frequency versus time pattern of the radiation from the SL 2 
electron beam was explained as a frequency dependent propa- 
gation effect for whistler mode emissions from the electron 
beam. Figure 2 is a sketch demonstrating how this effect 
works. Consider, first, a point source of whistler mode radi- 
ation, with the radiation propagating near the resonance cone. 
As the wave frequency increases, the resonance cone angle 
decreases, and the ray path direction \ g becomes increasingly 
oblique to the magnetic field, approaching 90° as the fre- 
quency approaches the electron cyclotron frequency. Typical 
ray paths for a whistler mode emission propagating near the 
resonance cone are shown in the figure. As a spacecraft ap- 
proaches the source, emissions near the gyrofrequency are de- 
tected first, since their ray paths are almost perpendicular to 



Fig. 1. The index of refraction surface for the whistler mode and 
the associated E, k, and \ g vectors for propagation near the resonance 
cone (0 22 0 Rct ). For propagation near the resonance cone, k and E are 
parallel and nearly perpendicular to v^. In this limit, E is linearly 
polarized and quasi-electrostatic. 



Fig. 2. The whistler mode ray paths from a point source radiator. 
Note that a passing spacecraft will detect radiation near the gy- 
rofrequency first, then detect lower frequency emissions as it nears the 
source. A well-defined frequency versus time funnel-shaped spectrum 
results from this spacecraft/source encounter. 


the beam. Progressively lower frequencies are then detected as 
the distance between the spacecraft and source decreases. This 
frequency dependent propagation effect creates a funnel- 
shaped emission pattern on a frequency versus time spec- 
trogram. By comparing a modeled emission pattern using cold 
plasma theory to the funnel-shaped pattern shown in Plate I, 
Gurnett et al [1986] have confirmed that the whistler mode 
emission from the SL 2 electron beam is propagating upward 
from the shuttle near the resonance cone. The distinct funnel 
boundary is defined by the waves that propagate directly from 
the beam origin, the shuttle. The funnel on the spectrogram 
appears filled in, since the radiation is being emitted by a line 
source extending upward from the shuttle rather than a point 
source. Since the waves are upward propagating, k • > 0, 

where v 6 is the beam velocity vector. 

In order to provide further confirmation that the radiation 
from the SL 2 electron beam is propagating near the reso- 
nance cone, an additional test was performed. This test com- 
pares model electric field directions in the PDP spin plane to 
their actual directions as measured by the PDP plasma wave 
instrument. To perform this test, a computer program was 
developed that calculates the angle <p between the projection 
of a model electric field onto the spin plane and a fixed refer- 
ence direction. The fixed reference direction selected was the 
spin plane projection of the spacecraft- Sun vector. To com- 
pute <£, the group velocity was assumed to be directed from a 
point on the beam toward the PDP with the electric field 
vector E at an angle 0 Re , relative to the beam. This field geom- 
etry is the expected configuration for an upward propagating 
whistler mode wave near the resonance cone. Figure 3 shows 
the corresponding geometry of E, v ff ,and k. 

The electric field directions in the spin plane calculated 
using the model described above are compared to the mea- 
sured electric field directions found from spin modulation 
maximums in the receiver data. The spin modulation maxi- 
mums occur when the PDP electric antennas arc aligned with 
the measured electric field in the spin plane, thus allowing a 
direct determination of this measured electric field direction. 
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Fig. 3. The ray path and E, k, and v, vectors used to confirm the 
electric field polarization. The assumed electric field is projected into 
the PDP spin plane, and the angle relative to the projection of the 
Sun vector is calculated. The projected electric field direction can then 
be compared to the measured directions calculated from spin modula- 
tion maximums in the electric field intensity (see Figure 4). 

Figure 4 shows the results of this comparison at four fre- 
quencies: 562, 311, 178, and 100 kHz. This figure shows the 
phase angle <j> between the projected electric field and the Sun 
vector as a function of time. The dots represent the modeled 
electric field directions computed assuming a resonance cone 
propagation scheme, while the crosses represent the measured 
electric field directions. The close agreement between the com- 
puted and measured electric field directions provides strong 
confirmation that the waves are propagating near the reso- 
nance cone and in the beam direction (i.e., k • > 0), as indi- 

cated in Figure 3. 

Emitted Power 

In this section we estimate the total power radiated from 
the beam in the whistler mode. By comparing the radiated 
power to the total power in the beam, the efficiency of the 
wave-beam interaction can be estimated and compared with 
various generation mechanisms. The power emitted from the 
beam in the whistler mode can be estimated by integrating the 
Poynting flux over a surface surrounding the beam. An in- 
herent difficulty with this calculation is the determination of 
the phase and magnitude of the electric and magnetic fields in 
the Poynting flux, S =■ ExH. Since three axis measurements 
are not available and since phase measurements were not 
made, the Poynting vector cannot be determined directly. 
Computing the Poynting flux from the electric field alone is 
complicated by the fact that near the resonance cone the whis- 
tler mode is quasi-electrostatic and the ratio of the electro- 
magnetic to electrostatic components is an exceedingly sensi- 
tive function of the wave normal angle. To compute the wave 
normal angle, we assume that the radiation is produced by the 
Landau resonance, i.e., co/k n = tv Since the beam velocity is 
known, this condition gives a well-defined value for the wave 
normal direction. The fact that the radiation is propagating in 


the same direction as the beam (k * v b > 0) provides a strong 
indication that the Landau resonance is involved. For exam- 
ple, the s = — 1 cyclotron resonance produces radiation prop- 
agating in the opposite direction of the beam. Also, as will be 
discussed later, the Landau resonance gives the best agree- 
ment with the measured electric to magnetic field ratios. 

To carry out the Poynting vector calculation we note that E 
lies almost entirely in the plane defined by n and the geomag- 
netic field (see Figure 3). The electrostatic and electromagnetic 
components of E are given by £ a cos A0 and E Q sin A0, 
respectively, where A0 is the angle between E and n and E a is 
the amplitude of the total electric field. The angle A0 is deter- 
mined by the Landau resonance condition and cold plasma 
theory. The Landau resonance condition specifies the compo- 
nent of n parallel to the geomagentic field, i.e., 

n,, = n cos 0 = c/v b (1) 

where c is the speed of light. For a 1-keV electron beam 
moving parallel to the magnetic field, is approximately 
15.9. A program was written that solves equation (1-20) of Stix 
[1962] for the magnitude and directions of n and E. Equation 
(1-20) of Stix is 


^ S — n 2 cos 2 0 — iD 
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v n 2 cos 0 sin 0 


S-n 2 
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n 2 cos 0 sin 0 
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Fig. 4. The relative directions of the computed and measured 
electric field vectors in the PDP spin plane for the 562-, 311-, 178-, 
and 100-kHz frequency channels. The dots represent the computed 
electric field directions assuming that the wave vector is near the 
resonance cone with k * v fc > 0, and the crosses represent measured 
electric field directions. The close agreement between the measured 
and modeled directions indicates that the whistler mode radiation is 
propagating near the resonance cone in the same direction as the 
beam. 
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Fig. 5. The integration surface used to calculate the power emitted from the beam in the whistler mode. At closest 
approach, the PDP passed within 3 m of the beam at a distance of about 200 m from the shuttle. 


p - i-T 


(7) 




te quantities <o pk and oj ek are the plasma and cyclotron fre- 
lencies for species k, while e k is the sign of the charge of 
species k. Using this program, we can calculate n and A9 at a 
particular wave frequency consistent with n„. Since A 9 is now 
determined, the electrostatic and electromagnetic components 
of E can be calculated. The calculated A 9 values are small, 
typically ranging from 0.06° to 1.1° from 31.1 to 562 kHz, and 
indicate that the wave is nearly electrostatic. It is easy to show 
that the magnitude of the Poynting vector is given by 


|S| 




(A 2 + B 2 ) 112 


(8) 


where A = 1 - cos 2 A 9 and B = sin A9 cos AO. In the deri- 
vation of (8), Faraday’s law, n x E * cB, was used to eliminate 
the magnetic field in the E x H term. Consequently, |S| is 
dependent only on n and E, which are well-defined quantities. 
Note that as 9 approaches the resonance cone angle, n and E 
become parallel and |S| goes to zero. This behavior near 9 %n is 
similar to an expression derived by Mosier and Gurnett [1971] 
in their paper addressing Poynting flux measurements of VLF 
hiss emissions. 

Figure 5 shows the PDP trajectory relative to the beam. As 
can be seen, the PDP trajectory was nearly perpendicular to 
the beam. At closest approach, it passed within about 3 m of 
the beam at a distance of roughly 200 m from the shuttle. To 
compute the total radiated power, the Poynting flux is inte- 
grated over an imaginary surface perpendicular to the beam 
that includes the PDP trajectory. Assuming that the sampled 

• intensities along this trajectory are constant around an annu- 
ring of the area dA, centered on the beam, we can obtain 
radiated power from the beam segment by evaluating the 
integral P = J S^2nR dR t where S t) is the field-aligned compo- 
nent of the Poynting vector and R is the perpendicular dis- 
tance from the beam to the PDP. Note that the evaluation of 
this integral will yield two values for the radiated power: one 


value from the inbound pass where the limits of integration 
extend from R = cc to R s 0 and one value from the out- 
bound pass where the limits of the integration now extend 
from /? s 0 to = - oo. Figure 6 shows the average power 
spectral density from these two passes as a function of fre- 
quency. The error bars shown in the figure represent the stan- 
dard deviations of the power values. Note that the power 
spectral density dP/df is of the order of 10" 9 W/Hz in the 
frequency range extending from 30 kHz to 1 MHz. The total 
emitted power in the 200-m beam segment from the shuttle to 
the PDP is found to be P * 1.6 mW. On the assumption that 
the power is emitted uniformly along the beam, the radiated 
power per unit length, dP/dl , is approximately 8 x 10" 6 W/m. 
Since the total power of the beam was 50 W, the beam con- 
verted approximately 3.2 x 10’ 5 of its power to whistler 
mode radiation in the first 200 m. If the beam dissipated 
energy only via the whistler mode, the beam would only prop- 



Fig. 6. The calculated power spectral density from the beam in the 
whistler mode is shown as a function of frequency. 
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Fig 7 The linear emissivity. dP/dfdl, is shown as a function of the distance L along die beam for the 562-kHz and 
31 1-kHz frequency channels. Note that the emissivity starts to decrease rapidly beyond about 100 . 


agate approximately 6000 km before all of the beam energy 
would be converted to radiation. 

The linear emissivity of the whistler mode radiation, 
dP'dfdl , from different locations along the beam can also be 
calculated. To calculate the linear emissivity, a knowledge of a 
signal’s exact source location from the beam is required; how- 
ever, by using the ray path, the source of the signal at a 
particular point along the PDP trajectory can be located. The 
power radiated from an infinitesimal beam radiation source, 
dl, is P = J S L 2nR dl where S x is the perpendicular compo- 
nent of the Poynting vector measured at the perpendicular 
distance R from the beam and corresponds to the Poynting 
flux emitted from a cylinder of radius R and length dl sur- 
rounding the beam. The linear emissivity from this source, 
dP/dfdl is then obtained by using the differential form of the 
power intergal. The calculated linear emissivity of the whistler 
mode waves is shown in Figure 7. Note that the emissivity 
drops by a factor of 10 from 100 to 200 m along the beam. 
This decrease in emissivity indicates that the efficiency of 
whistler mode generation decreases with increasing distance 
along the beam and that the generation mechanism is capable 
of dynamic changes in tens of meters. If the emissivity contin- 
ues to drop at the rate observed between 100 to 200 m, the 
radiation would be undetectable by the PDP at source dis- 
tances more than about l km from the shuttle. This result may 
explain why Dynamics Explorer 1 (DE-l), which was magneti- 
cally connected to the shuttle during a gun firing on the STS 3 
mission, did not see beam-generated whistler mode radiation 
in the vicinity of the streaming electrons [/ nan et al ., 1984]. 
From the SL 2 measurements it appears that strong whistler 
mode emissions are probably generated only in close proxim- 
ity to the source of the beam. 

As mentioned earlier, the electric and magnetic field 
measurements also provide further evidence that the whistler 
mode waves are generated via a Landau resonance process. 
This argument involves a comparison of computed and mea- 
sured cB/E ratios. Assuming a specific resonance condition 
and using the solution of equation (1-20) of Srix [1962], we 
can compute a unique value for n and A0. Faradays law can 
then be used to obtain the relationship 

n x E =- cB W 

where E is in the electric component and B is in the magnetic 
component of the whistler mode waves. For the assumed field 
geometry, (9) can be rewritten as 

nE 0 sin A 6 = cB 0 


or 

cB q /E 0 = n sin A0 (10) 

Using (10), we can compute n sin A 0 for various resonance 
conditions and compare this ratio with the measured cB/E 
ratio. The spectrum analyzer used with the PDP search coil 
can only provide measurements up to 178 kHz; therefore, the 
magnetic to electric field ratio can only be obtained in the 
56-kHz, 100-kHz, and 178-kHz frequency channels. Also, the 
measured values of B at high frequencies using the search coil 
are highly uncertain because of inaccuracies in the calibration 
of the instrument. The preflight calibration was performed by 
placing a calibration coil in the search coil and surrounding 
the system in a metal can. A problem arises at high fre-j 
quencies (> 10 kHz), where frequency dependent capacitances^ 
and inductances affect the current and the expected value of B 
from the calibration coils. Unfortunately, postflight calibra- 
tions under more ideal conditions (specifically, without the n 
metal can) have failed to reproduce the preflight calibrations. 
Our current best estimates are that B (and cB/E ) are accurate 
only to within a factor of 2-4 at high frequencies. The range of 
measured cB/E values lies between 1.3 and 15.3. Assuming a 
Landau resonance, n sin A0 is computed to be 0.54, 0.52, and 
0.54 for 56, 100, and 178 kHz, respectively. Note that these 
values lie just outside the range of measured cBiE values and 
fall in the range when considering the factor of 2-4 uncer- 
tainty in the calibrations. For an s » 4- 1 cyclotron resonance, 
however, n sin A 6 is computed to be between 0.05 and 0.08 for 
56, 100, and 178 kHz. These values are about a factor of 20 
smaller than the lowest measured cB/E value. Similar com- 
puted values are obtained for the s = - 1 cyclotron resonance. 
These comparisons show that the measured cB/E ratio is clos- 
est to those expected for a Landau resonance. 


Incoherent Generation Mechanisms 


From the power measurements alone it is not clear whether 
the beam-generated whistler mode radiation detected by the 
PDP during the SL 2 mission results from a coherent or inco- 
herent generation process. A coherent mechanism involves 
large numbers of particles acting together to generate the 
emitted waves. The total power from a coherent source goes 
as N 2 y where N is the number of particles in coherency 
Common coherent sources are plasma instabilities, lasers, an^ 

« n idiTis involve narticles that 


are radiating independently. The power from the individual 
radiators must be added to get the total power emitted; thus 
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POWER EMITTED BY EACH ELECTRON 



Fig. 8. The power spectra from a single electron radiating via 
Cerenkov processes are shown in a plasma environment similar to 
that surrounding the SL 2 beam. These calculations assume the wave/ 
beam interaction is by a Landau resonance process and that the 
particle pitch angle is 10°. This power calculation is based on formu- 
las derived by Mansfield [1967]. 


the total power is proportional to N , the number of radiators. 
A common incoherent source is an incandescent light bulb. 
This section and the next describe possible incoherent and 
hroherent mechanisms for generating whistler mode radiation. 
H One possible incoherent mechanism involves Cerenkov 
radiation. Cerenkov radiation occurs when charged particles 
move with velocities greater than the phase speed of the wave 
in the medium. The whistler mode waves from the SL 2 elec- 
tron beam are propagating near the resonance cone with large 
index of refractions, typically n 30-500. The phase speed of 
the wave is then much less than the speed of the 1-keV elec- 
tron beam. Since the beam electrons are moving faster than 
the phase velocity of the whistler mode, Cerenkov radiation 
should be produced. 

The measured whistler mode power from the beam will now 
be compared to the calculated power from Cerenkov radi- 
ation, assuming that the beam electrons are incoherent radi- 
ators. Our calculations are similar to those performed by Jor- 
gensen [1968] and Taylor and Shawhan [1974], who both 
calculated the power from this process and compared it to the 
radiated powers from VLF hiss. Mansfield [1967] derived an 
equation that gives the power spectral density radiated from a 
single electron moving through an ambient ionized gas with a 
speed greater than the wave phase speed. For an incoherent 
mechanism the total power radiated from the beam is the 
power radiated from each electron ( dPjdf) e , added up over all 
the electrons in a given beam volume N v : (dP/df) tQUl * 
N v (dp/df) e . Using Mansfield’s formula, we can calculate the 
radiated power from each beam electron, as is shown in 
Figure 8. In obtaining this result, we assume that the radiation 
is produced via a Landau resonance. We also assume, for this 
calculation, that the pitch angle of the electrons is 10° The 
ktual pitch angles varied from 0° to 20°; however, the results 
||^ relatively insensitive to pitch angles in this range. From 
Figure 8 it can be seen that the most intense radiation occurs 
between the electron cyclotron frequency and the lower hybrid 
frequency / LHR . Outside this range the power drops by a factor 
of 10 4 . Note that this frequency range corresponds rather well 


to the frequency range of the radiation observed by the PDP. 
Multiplying the power from each electron by the number of 
electrons in the first 200-m segment of the beam (3 x to 12 
particles) yields {dP/df\ oitX - 10" 16 W/Hz in the frequency 
range from f c to/ LHR These power spectral densities are much 
lower than the measured power spectral densities, by about a 
factor of 10 7 (compare with Figure 6, where dPjdf - 10" 9 
W/Hz). Therefore an incoherent process cannot account for 
the measured wave powers. Some coherent wave process must 
be involved. In Taylor and Shawhan's [1974] analyses of the 
generation of VLF hiss emissions by auroral electron beams, 
the calculated powers for the incoherent Cerenkov process 
were found to be a factor of 10 2 -10 3 lower than those mea- 
sured, again indicating a coherent process. 

Coherent Generation Mechanisms 

As concluded in the previous section, some coherent process 
must be involved in the whistler mode wave generation from 
the SL 2 electron beam. Coherent processes can be divided 
into two classes: direct and indirect. Direct mechanisms in- 
volve the direct conversion of energy from an unstable particle 
distribution to electromagnetic radiation, whereas indirect 
mechanisms involve the intermediate generation of one or 
more electrostatic modes which are coupled to the escaping 
electromagnetic radiation. This section will discuss possible 
direct and indirect mechanisms that may explain the whistler 
mode radiation. 

Since an unstable electron distribution is present in the 
beam, the escaping electromagnetic radiation may result from 
direct conversion of the beam energy to electromagnetic radi- 
ation. Such a mechanism has been proposed by Maggs [1976] 
for the generation of auroral hiss. In his model, incoherent 
Cerenkov radiation produced by an auroral electron beam is 
directly amplified via a whistler mode plasma instability 
within the beam. It seems reasonable that this wave gener- 
ation mechanism could be applied to the whistler mode waves 
emitted from the SL 2 electron beam; however, a problem 
arises in doing so. Unlike auroral beams the path length for 
wave growth in the SL 2 beam is very short, only 2-3 electron 
cyclotron radii (6-9 m). Using the Landau resonance con- 
dition and the fact that the emission is propagating near the 
resonance cone, we can derive an expression for the wave- 
length of the whistler mode radiation, 

/. £ {V Jf) cos 0 R## (11) 

which for the nominal parameters has a value of about 20m. 
This wavelength is greater than the path length, which com- 
pletely invalidates any mechanism involving exponential 
growth. Even if that were not the case, for typical whistler 
mode group velocities of 10 7 m/s the amount of time the wave 
spends in the beam is so short, only about 10“ 6 s, that unrea- 
sonably high growth rates (y > cd c £ 10 6 s -1 ) would be re- 
quired to generate the radiation. No whistler mode instability 
is known that can produce such large growth rates from real- 
istic electron distribution functions. These same conclusions 
were also reached by Jones and Kellogg [1973] in their paper 
addressing the growth rates of whistler mode radiation from 
artificially created electron beams. 

Next we consider mechanisms involving the intermediate 
generation of electrostatic waves in the beam. Any density 
perturbation or bunch created by an electrostatic wave in the 
beam is capable of emitting coherent Cerenkov radiation. The 
radiated power from this process will have a frequency spec- 
trum similar to that of a single radiating electron; however. 
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the wave power will be much greater, since the emitted power 
goes as N 2 , where V is the number of electrons in a bunch. 
Coherent Cerenkov radiation from a bunched beam has been 
considered previously by Bell [1968]. 

Beam-plasma instabilities are known to be capable of creat- 
ing intense electrostatic waves and density perturbations in 
the beam. We estimate the number of coherently bunched 
electrons required to account for the observed whistler mode 
radiation. The total power emitted from the electron bunches 
in the beam is {dP , df ) x 0 „, = ( dP/df) e {AN) 2 z , where (dP/df) e is 
the power radiated by each electron, A N is the typical number 
of electrons in a bunch, and a is the number of bunches in the 
200-m segment of the beam. Beam-plasma instabilities are 
known to create an electrostatic wave near the local electron 
plasma frequency (3 MHz). Such an emission is, in fact, ob- 
served near 3 MHz [see Gurnett et al.. 1986]. The correspond- 
ing wavelength is VJ p ^ 7 m, which is assumed to be the 
approximate length of each bunch. This wavelength can then 
be used to calculate a, the number of bunches in the first 200 
m of the beam. This number is as 29. Since the radiated 
power from the 200-m beam segment, ( dP/df ) xoti is about 
10"* W Hz, (dP/df\ is about 10" 29 W/Hz, and a ^ 29, each 
bunch must contain about AN - 2 x 10 9 electrons in order to 
account for the observed radiated power. 

Next we estimate the required electric field strength for the 
electrostatic wave in the beam that forms the bunches. As- 
suming that the beam diameter is about 2 cyclotron radii, we 
can estimate the electron number density in the bunch using 
the formula. 

An = AN/7tr c 2 AL (12) 

where AL is the bunch length and r c is the cyclotron radius (2 
to 3 m). The required number density is found to be about 

An = 1 x 10 7 eiectrons/m 3 Note that the fractional density 

perturbation in the beam A n/n Q is only about 0.01; thus a 
relatively small perturbation can account for the measured 
whistler mode power. Poisson’s equation can be used to deter- 
mine the magnitude of the self-consistent electric field needed 
to generate this density perturbation: 

A£/AL - *An/e 0 U3) 

From (13) we estimate that an electric field of the order of 1-2 
V/m is needed to create the required coherence in the beam 
electrons. 

Although the PDP did not fly directly through the beam 
during free flight, when the PDP was on the remote manipu- 
lator arm, it did provide measurements in the beam. During 
these times, intense field-aligned electric field signals near /„ 
were measured with amplitudes greater than 0.3 V/m, suf- 
ficiently large to saturate the receiver. This value is within a 
factor of 10 of the required amplitudes needed for radiative 
coherence of the beam electrons. The good agreement between 
the calculated and measured electrostatic field strengths 
strongly suggests that electron bunches generated by a beam- 
plasma instability can account for the observed whistler mode 
power. 


Conclusions 

Like auroral hiss the whistler mode radiation from the SL 2 
electron beam was found to be propagating near the reso- 
nance cone in the same direction as the beam. This conclusion 
was reached by comparing the measured and modeled electric 
field polarizations in the PDP spin plane. The total whistler 


mode power radiated by the beam between the shuttle and the 
PDP was estimated to be 1.6 mW. This represents a conver- 
sion of about 3.2 x 10" 5 of the beam power to whistler mode 
radiation in a path length of 200 m. The linear emissivity was 
also observed to decrease with increasing distance along the 
beam, thereby indicating that most of the whistler mode radi- 
ation is generated relatively close to the source of the beam. 

The mechanism that best explains the radiated power and 
frequency range of the whistler mode radiation is Cerenkov 
radiation from coherently radiating electron bunches in the 
beam. The bunches are most likely created by an electrostatic 
instability in the beam. The estimated electric field amplitudes 
required to create the bunching are consistent with the field 
strength of electrostatic noise measured in the beam. 

Future work includes calculating the radiated power from a 
model electron beam obtained from a particle simulation. The 
calculated power can then be compared to the measured whis- 
tler mode power to confirm that coherent radiation from elec- 
tron bunches generates the signal. 
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I. ABSTRACT 

As part of the Spacelab-2 mission the Plasma Diagnostics Package 
(PDP) was released from the shuttle as a free flying satellite. The 
PDP carried a quasi- static electric field instrument which made 
differential voltage measurements between 2 floating probes. At 
various times during the free flight, an electron beam was ejected 
from the shuttle. Large differential voltages between the double 
probes were recorded in association with the electron beam. However, 
analysis indicates that these large signals are probably not caused by 
ambient electric fields. Instead they can be explained by considering 
three effects: shadowing of the probes from streaming electrons by 

the PDP chassis, crossing of the PDP wake by the probes, and spatial 
gradients in the fluxes of energetic electrons reaching the probes. 
Plasma measurements on the PDP show that energetic electrons exist in 
a region 20m wide and up to at least 170 m downstream from the 
electron beam. At 80 or more meters downstream from the beam, the 
double probe measurements show that the energetic electron flux is 
opposite to the injection direction, as would be expected for a 
secondary returning electron beam produced by scattering of the 
primary electron beam. 
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I. INTRODUCTION 

As part of the Spacelab-2 mission, a spacecraft called the Plasma 
Diagnostics Package (PDP) was released from the shuttle to survey the 
plasma environment around the orbiter. At various times, an electron 
beam was ejected from the shuttle so that the effects produced in the 
plasma might be studied. In this paper we report on efforts to 
measure the quasi- static electric fields in the plasma with the PDP, 
focusing on those times when the electron beam generator was 
operating. The PDP, a scientific instrument package containing 14 
instruments, was designed and constructed at the University of Iowa, 
and is described by Shawhan et al. [1982]. The electron beam 
generator, flown as part of the Vehicle Charging and Potential (VCAP) 
experiment provided by Stanford University and Utah State University, 
is described by Banks et al. [1987]. The PDP and the electron beam 
generator were previously flown on the STS- 3 flight [Shawhan et al., 
1984] . 

Prior to the shuttle flights, a number of electron beam 
experiments were performed in plasma chambers and from rockets. Using 
the same PDP and the same electron beam generator later flown onboard 
Spacelab-2, quasi- static electric fields of the order of a few volts/m 
were measured within a few meters of the beam in a large plasma 
chamber at Johnson Space Flight Center [Shawhan, 1982]. Denig [1982] 
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questioned the reliability of these measurements because of the 
possibility of differential charging on the measuring probes, and 
because the fields seemed too large to be sustained in the given 
apparatus. Kellogg et al. [1982] also reported measuring fields of a 
few volts/m in a similar chamber test. Measurements of the 
quasi- static electric fields have also been reported in association 
with electron beams emitted from rockets in the ionosphere. In the 
Polar 5 experiment, fields of the order of 0.1 volts/m were detected 
over 100 meters away from the beam source [Jacobsen and Maynard, 

1978]. During the Echo 6 experiment, Winckler and Erickson [1986] 
measured fields of the order of 0.2 volts/m at a distance of 40 meters 
from the flux tube on which the beam was expected to be centered. All 
the measurements mentioned here involved differential voltage 
measurements on floating probes. Considering the chamber and rocket 
experiments, we expected on the Spacelab-2 mission to detect fields on 
the order of 1 volt/m associated with the electron beam. 

The Spacelab-2 mission was launched into a nearly circular orbit, 
of inclination 49.5°, at a nominal altitude of 325 km. The PDP was in 
free flight roughly 6 hours, during which the shuttle performed 2 
complete fly-arounds of the PDP. During the fly- around the shuttle 
was maneuvered to regions upstream and downstream of the PDP. The 
fly- around included four magnetic conjunctions in which the shuttle 
was targeted to pass through the magnetic field line passing through 
the PDP. The electron beam generator was operated at various times 
throughout the free flight, both in a steady (DC) mode, and in a 
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pulsed mode. During several of these times large signals were 
detected by the quasi- static electric field instrument. The purpose 
of this paper is to describe the large signals associated with the 
electron beam firings and to determine the origin of these signals. 
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II. INSTRUMENTATION 

The PDP quasi- static electric field instrument made potential 
measurements on two floating probes. These floating probes consisted 
of conducting spheres mounted on insulated booms on opposite sides of 
the spacecraft. The sphere- to- sphere separation was 3.89 meters, and 
the diameter of the spheres was 10.2 cm. A diagram of the PDP, 
showing the dimensions of the main chassis and the locations of 
spherical probes 1 and 2, is presented in Figure 1. Two types of 
measurements were made: the differential voltage, w between the 

two probes was measured at both a high gain and a low gain, and the 
average potential, V avg , of the two probes relative to the PDP chassis 
was measured. The following relations describe the two measurements: 


V ave * < V 2 * V l>/ 2 

where V 1 and V 2 are respectively the potentials of sphere 1 and sphere 
2 relative to the PDP chassis. Typically, the differential voltage 
divided by the antenna length is interpreted as a measurement of the 
electric field. The basic instrument parameters and dynamic ranges 
are given in Table 1. Since the floating potential of an object in a 


7 


plasma is dependent on the surface materials, it is also important to 
describe the surface properties of the spacecraft and spheres. The 
PDP chassis was covered with a teflon- coated fiberglass cloth which in 
turn was covered with an aluminum mesh to provide a uniform conducting 
surface. Potential measurements were referenced to the aluminum mesh. 
The spherical antenna probes were coated with a conducting 
graphite- epoxy paint. 

After release from the shuttle, the PDP was made to spin by the 
action of an inertia wheel within the PDP. When spinning at its 
maximum rate, the spacecraft had a spin period of 13.1 seconds. The 
spin axis was oriented approximately perpendicular to the orbital 
plane. Thus, the spacecraft velocity vector lay approximately in the 
PDP spin plane. 

The electron beam generator was mounted in the shuttle payload 
bay. A beam was produced as electrons emitted from a heated tungsten 
wire filament were accelerated through a 1 kilovolt potential. The 
generator operated at beam currents of either 50 ma or 100 ma, 
producing either a steady or a pulsed beam. The beam was pulsed at 
frequencies up to 800 kHz. 



III. OBSERVATIONS 


During most of the free flight, the signals were of the 

order of the induced potential due to the orbital motion of the 
spacecraft, | (VxB) • E|, where V is the spacecraft velocity and t is a 
vector pointing from sphere 2 to sphere 1. These signals were 
typically 0.4 and 0.8 volts. The V avg signal was usually between zero 
and a few volts positive. That is, the PDP normally floated at a 
slightly lower potential than the antenna probes. The V avg signal 
also showed a periodic variation synchronous with the spacecraft spin 
period. The periodic variation was found to be related to the 
operation of the PDP Low Energy Proton and Electron Differential 
Energy Analyzer (Lepedea) [Tribble et al., 1987]. The Lepedea 
utilized a current collecting plate whose voltage jumped to +2 
kilovolts every 1.6 seconds. The plate collected a large thermal 
electron current, and the PDP potential decreased by several volts, 
recovering to its initial value within 1.0 seconds. The V avg signal 
was spin modulated because the degree of charging of the spacecraft 
was less when the Lepedea aperture faced the spacecraft wake, than 
when the aperture faced the ram direction. For the measurement, 

a large negative potential on the PDP was equivalent to a large 
positive common mode signal on the probes. Because of limitations in 
the common mode rejection, the signal was disturbed whenever the 
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PDP potential exceeded several volts negative. The magnitude of the 
instrument output due to the common mode signal was generally much 
less than |(YxB)-t|. Thus, the common mode signal was large enough to 
make the interpretation of the measurements difficult when the 
difference between the and |(VxB)-t| was small. However, for 

Vdiff sigals larger than |(VxB)-t|, the common mode rejection problem 
was not important. 

At five times during the free flight when the electron beam 
generator was operating, V,.^ signals were recorded that were 
significantly larger than |(VxB)*E|. The signals for these events are 
shown in Figure 2, and the events are numbered 1 through 5. At no 
other times during the PDP free flight were signals this large 
recorded. Of these 5 events, the beam was operated in a steady mode 
for 3 events, and in a pulsed mode for 2 events. The beam injection 
pitch angle varied widely among these events. Table 2 lists the beam 
operation mode, injection pitch angle, beam current, and several other 
important parameters regarding these 5 events. 

The basic periodicity of the signals in Figure 2 is due to 

the spinning of the spacecraft. In addition to the overall variation 
at the spin period, the signals have a number of unusual features. 
During event 1 the instrument saturates. Thus, the difference voltage 
on the probes is greater than 8 volts, which corresponds to an 
inferred electric field strength in the spin plane greater than 2 
volts/m. Event 2 has a "spiky" character, and events 3, 4, and 5 all 
show a "double peak" character. At the end of event 3 (around 00:49), 
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there is an apparent higher frequency structure to the signal. This 
structure is associated with the pulsing of the electron beam. Note 
that as long as the beam pulse frequency is much greater than the 
V^iff sample rate, then no effect of the pulsing should be apparent in 
the signal. Such is the case for event 2, where the beam was 

pulsed at 1.2 kHz. However, during event 3 the beam pulse frequency 
was lowered in steps from 600 Hz down to frequencies near the 
sample frequency of 20 Hz. The apparent higher frequency structure is 
the result of a beating effect that occurs between the beam pulse rate 
and the sample rate. 

In order to understand the origin of the large signals, the phase 
angle of the spinning PDP was investigated. Arrows are plotted in 
Figure 2 at the top of the graph to indicate the times when the 
electric antenna was aligned with the spacecraft velocity vector. 
Recall that the velocity vector lay approximately in the PDP spin 
plane. Arrows are plotted in Figure 2 at the bottom of the graph to 
indicate times when the antenna was aligned with the magnetic field 
projected onto the spin plane. In general, the magnetic field vector 
did not lie exactly in the spin plane, but made an angle of between 
10° and 24° with the spin plane. The angle for each event is given in 
Table 2. Inspection of Figure 2 reveals that for cases 2, 3, 4, and 5 
a voltage peak occurs when the antenna is aligned with the spacecraft 
velocity vector, and for cases 3, 4, and 5 a second peak occurs when 
the antenna is aligned parallel to the magnetic field projected onto 
the spin plane. 



11 


Figure 3 shows the trajectory of the PDP in a plane perpendicular 
to the magnetic field during all times that the electron beam 
generator was operating. The direction V indicated in the figure is 
along the component of the velocity perpendicular to B. The origin 
represents the position of the magnetic field line on which the 
electron beam should be centered. The beam is assumed to lie on a 
magnetic field line which intersects the electron beam generator, and 
the field is determined from a multipole model of the Earth's magnetic 
field. Although shown in Figure 3 only as a point, the beam will have 
a cyclotron motion about the magnetic field. The injection pitch 
angles are listed in Table 2. The pitch angles vary over a large 
range, but are relatively small (less than 10°) for events 1 and 2, 
and large (greater than 30°) for events 3, 4 and 5. The beam also has 
some spreading due to beam divergence, space charge repulsion of the 
beam electrons, and beam instability. The actual width of the beam is 
unknown, however previous beam experiments indicate that the cyclotron 
radius of a beam electron with pitch angle 90° is a reasonable 
approximation for the beam radius. For a 1 keV electron in a magnetic 
field of 0.25 - 0.5 gauss, the cyclotron radius is approximately 2-4 
meters. 

The trajectories during the 5 large events are shown in Figure 3 
as solid segments, and the trajectories during times when the beam 
generator was operating, but the measured differential voltage was 
small (i.e. less than |(VxB)-T|), are shown by the dashed lines. 

During events 1 and 2, the length of time the electron beam generator 



12 


was turned on was longer than the length of time large signals were 
recorded, indicating that the spatial region over which large signals 
occur is limited. For each of events 3, 4, and 5, large signals were 
recorded for the entire period the beam generator was on. Note that 
events 1 through 5 occur at times when the PDP was in a region 
downstream of the flux tube carrying the electron beam. Except 
briefly during event 1, the perpendicular distance from the PDP to the 
flux tube of the electron beam was much greater than the 2 to 4 meter 
predicted beam radius, so that the PDP was well outside of the region 
of the primary beam. Events 1 and 2 occur when the PDP was closest to 
the flux tube of the electron beam, and are the largest in magnitude. 

The average potential measurements for events 1 through 5 are 
shown in Figure 4. The largest changes in the average potential 
measurements associated with the electron beam are seen during events 
1 and 2, where the average potential of the probes goes from positive 
values of +2 to +4 volts to negative values of -2 to -4 volts. The 
spin period variation of the signal discussed above can be seen in the 
graphs for events 1 and 2 during the times before and after the large 
negative excursions of the signal. During events 3, 4, and 5, the 
average potential does not change by a large amount, but the smooth 
spin period variation of the signal is disrupted. 



IV. INTERPRETATION 


Because the determination of the quasi- static electric field with 
the PDP is based on measurements of the differential voltage between 
two floating probes, the results can be affected by energetic beam 
electrons striking the probes. It is easily shown that a small flux 
of energetic electrons may alter the floating potential of the probes 
by a large amount [Fahleson, 1967] . Arnoldy and Winckler [1981] 
reported a population of energetic electrons in the region around an 
electron beam, causing the floating potential of the Echo 3 rocket to 
become several volts negative. A similar observation was made on Echo 
6 [Winckler et al. 1984]. Thus we might expect to find that the PDP 
potential is affected by energetic electrons around the beam. In 
fact, during each of events 1 through 5 discussed here, the Lepedea on 
the PDP detected energetic electrons at energies nearly up to the beam 
energy [W. R. Paterson, personal communication, 1987]. Further, data 
from the PDP Langmuir probe seems to indicate that the PDP charged to 
at least -4.3 volts during event 2, and to at least -7.6 volts during 
event 1 [A. C. Tribble, personal communication, 1987]. Therefore 
there is reason to suspect that the probes also charged. If the 
charging is different for the two probes, then V^iff/L cannot be 
safely interpreted as a good measure of the electric field. 

To determine the possible effect of energetic electrons on our 
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measurements, we perform a simple calculation of the floating 
potential. This is done by considering the balance of currents to the 
object of concern (see, for example, Kasha, 1969). The possible 
current sources are: 1) thermal (background) electrons, 2) thermal 

(background) ions swept up by the motion of the spacecraft, 

3) energetic electrons (energies >> kT g ) , 4) energetic ions (energies 
>> 5.0 eV, the ramming energy), 5) secondary electron emission, and 
6) photoelectron emission. Measurements made with the Lepedea 
indicate that the current from energetic ions is much less than that 
from the ramming ions [V. R. Paterson, personal communication, 1987], 
so this current can be neglected. The maximum secondary electron 
yields for aluminum (PDP surface material) and graphite (probe surface 
material), are 1.0 secondaries/primary for 300 eV primaries [Whetten, 
1985]. Thus, secondary production would reduce the negative charging 
effect of the energetic electrons by some fraction. Photoemission 
would also reduce the negative charging. But since we wish to obtain 
a worst case estimate of the spacecraft potential, we neglect both 
secondary production and photoemission. Ve consider then the 
following current balance equation for an object at potential V < 0: 

A x a e u sc (l - eV/Ej) - A s n e (kT e /2™ e ) 1 / 2 exp(eV/kT e ) - A s J b = 0 , (1) 

The first term in the above equation includes the ion current due to 
the sweeping up of the ionospheric ions by the spacecraft motion plus 
some effect of the attraction of ions to the negatively charged 
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object. The second term is the electron current from the thermal 
electrons. The third term is the current to the object due to 
energetic electrons. The variables in Equation 1 are identified in 
Table 3. 

Using the representative parameters given in Table 3, Equation 1 
was solved numerically for various values of and n 0 . The floating 
potential was determined from Equation 1 for both the spherical probes 
and for the PDP chassis. The current collecting area of the PDP was 
taken to be its surface area. Unfortunately, the current collecting 
properties of the spacecraft body are complicated, and this estimate 
is to be taken only as a rough approximation. The solution for the 
floating potential as a function of the energetic electron current 
density is plotted in Figure 5. Measurements from the Lepedea during 
beam event 1 indicate that was as high as 4 x 10"^ amp/m^ [W. R. 
Paterson, personal communication, 1987] . The Langmuir probe 
measurements indicate that during event 1, n g was of the order of 
1x10 m [A. C. Tribble, personal communication, 1987]. From Figure 
5 one can see that under the conditions of event 1 the PDP floating 
potential could easily be lower than -10 volts. This is consistent 
with the Langmuir probe observation mentioned previously that the PDP 
charged to at least -7.6 volts during event 1. More importantly for 
the measurements, under the conditions of event 1 differences in 

on the order of 10 amp/m lead to floating potential differences 
on the probes of several volts. During events 2, 3, 4, and 5 the 
Langmuir probe measurements indicate that n was on the order of 
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10 - 3 

1x10 m [A. C. Tribble personnal communication, 1987]. For this 
lower ambient density, Figure 5 shows that differences in on the 
order of 10"° amp/nr lead to floating potential differences on the 
probes of several volts. Figure 5 also shows that for a fixed value 
of J^, small differences in the ambient plasma density lead to 
floating potential differences of several volts. 

Using the differential voltage between the probes to infer 
electric field values can produce erroneous-results if the two antenna 
probes receive different amounts of current from any of the various 
current sources. Current differences can occur if one of the probes 
is shielded by the PDP chassis from a current source, or if the plasma 
environment is nonuniform over the length of the antenna. During 
events 2, 3, 4 and 5 the peaks in are associated with specific 

orientations of the antenna with respect to the velocity and the 
magnetic field, and therefore can be primarily attributed to shadowing 
effects. Shadowing effects of this type were observed by Winckler et 
al. [1984] during the Echo 6 experiment. In that experiment, large 
signals at the payload spin frequency were attributed to shadowing of 
one probe from a magnetic field aligned plasma flow. At the time, the 
electric probes were stowed in the payload body. During events 3, 4, 
and 5 the "double peak" character of the signals indicates that two 
different shadowing effects are occurring. These two effects are 
discussed separately below. 

For events 3, 4, and 5 one finds a voltage peak, and therefore a 
probable shadowing of one probe, when the antenna is aligned with the 
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magnetic field projected onto the spin plane. Because the local ion 
larmor radius is much larger than the PDP, a shadowing along field 
lines suggests a shadowing of electrons. We explain the signal peak 
in the following manner. For events 3, 4, and 5 the beam was injected 
in the direction of 6. At the time when the antenna was aligned with 
0 in the spin plane, the probe on the boom pointing in the direction 
of 0 was at a lower potential than the probe on the boom pointing in 
the direction of - 0 . Thus, we conclude that some energetic electrons 
are moving in the direction of -0, and one probe is shielded from 
them. So, for the three events when the PDP is 80 or more meters from 
the beam, the energetic electrons have a preferred direction, which is 
opposite to the injection direction. This explanation is consistent 
with the report by the Lepedea group of a secondary electron beam in 
the shuttle wake [Frank et al., 1987]. The shadowing of one probe 
from electrons moving down the field lines is pictured in Figure 6a. 
Consideration of Figure 6b. shows that if the angle 9 of the magnetic 
field to the spacecraft spin plane is too large, then shadowing along 
the field lines will not occur. The range of angles where shadowing 
is possible is 9 < 20.4°. Referring to the values of 9 listed in 
Table 2, one finds that shadowing along field lines is possible for 
events 2, 3, 4, and 5. 

The energetic electrons moving down the field lines and charging 
the probes in events 3, 4, and 5, may be attributed to reflection of 
beam electrons by collisions with atmospheric neutrals, or to a beam 
plasma interaction. First, consider reflection of electrons by 
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collisions. Given the distance of the PDP downstream from the beam 

for these events, and the spacecraft velocity, one can determine the 

time of flight for the energetic electrons to be around 10 to 20 msec. 

For 1 keV electrons, the corresponding total distance traveled is 

about 200 to 400 km. For comparison, the mean free path of electrons 

for collisions with oxygen atoms can be roughly estimated by A = 

l/(n <r), where n Q is the atomic oxygen density and <r is the collision 

- 1 9 

cross section. We use a value for <r of 7 x 10 cm , the total 

scattering cross section for 100 eV electrons measured by Sunshine et 

8 - 3 

al. [1967]. At an altitude of 300 km, n Q is approximately 10 cm 
[Johnson, 1965] , which yields a mean free path A « 140 km. Because 
the atomic oxygen density is larger at lower altitudes, A will become 
shorter at lower altitudes. Thus, for events 1 and 3 where the beam 
was injected downward, it is quite reasonable that electrons reflected 
by collisions with neutrals could reach the PDP. Since the atomic 
oxygen density is smaller at higher altitudes, A becomes longer at 

7 

higher altitudes. At an altitude of 400 km, n Q is approximately 10 

_ O 

cm , which yields A as 1400 km. So for electrons injected upward, the 
effective mean free path will be >> 1400 km. For events 2, 4, and 5 
where the beam was injected upward, it may seem unlikely that the PDP 
could be affected by reflected electrons. However, it is not 
necessary that most of the beam particles be reflected. The solution 
of Equation 1 showed that the measured signals are explained by 
differential energetic electron currents of the order of 10*° amp/m , 
and this current can result from only a small percentage of beam 
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particles being reflected. An alternative explanation for the 
presence of energetic electrons is considered by Wilhelm et al. 

[1985]. In the SCEX experiment, Wilhelm et al. measured energetic 
electrons in the region downstream of an electron beam. They discuss 
the possibility that the energetic electrons are the product of a beam 
plasma interaction. Both explanations are possible, and without a 
further more detailed analysis we cannot say which is correct. 

A different shadowing effect occurs for events 2, 3, 4 and 5 when 
the antenna is aligned with the velocity vector. Because the local 
ion thermal speed is less than the spacecraft velocity, ions are swept 
up by the spacecraft motion. The electron thermal velocity is much 
greater than spacecraft velocity, so the electrons are not swept up. 
However, because quasineutrality must be maintained, both the ion and 
the electron densities are reduced behind the spacecraft, forming a 
plasma wake. The sweeping of the antenna through the wake as the PDP 
spins is indicated in Figure 6a. Because the velocity vector lies in 
the PDP spin plane as shown, the antenna always passes through the 
wake region. In order to estimate the plasma density in the wake at 
the location of the antenna probe, we use the self- similar solution 
for the expansion of a plasma into a vacuum as shown by Samir et al. 
[1983] and Singh and Schunk [1982] . In the standard treatment one 
assumes initially a plasma of density N Q for the region x < 0, and a 
vacuum for the region x > 0. At time t = 0 the plasma is allowed to 
expand into the vacuum region. The solution for the density at later 
times is given by 
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N = N Q exp [- (g-jr + 1)] (2) 

where S Q is the ion sound speed. To obtain an estimate of the density 
at the probe when the probe is in the wake, we use Equation 2 and take 
for x the radius of the PDP, x = 0.53 m, and for t the time for the 
ionospheric plasma to flow a distance of half of the antenna length 
relative to the PDP, t = 2.5 x 10 sec. Assuming an electron 
temperature of 0.2 eV, and assuming ions are atomic oxygen, the ion 

3 

sound speed is estimated to be about 1.4 x 10 m/s, yielding a wake 
density 

N = 0.08 N Q . (3) 

This solution corresponds to the expansion of the plasma in one 
direction only. The wake fills in from all directions, so we expect 
the density in the wake at the location of the antenna probe to be 
greater than 0.08 N Q , but still significantly less than N . 

Examination of Figure 5 shows that if both probes receive the same 
amount of energetic electron current, but one probe is in the wake 
where the density is lower, then the probe in the wake will be several 
volts lower in potential than the probe upstream. This explanation is 
consistent with the observed signals. 

Event 1 does not lend itself to explanation in terms of probe 
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shadowing, as the other events do. The angle 6 between the magnetic 
field and the spin plane (see Table 2) is greater than 20.4°, so that 
probes are not shadowed along field lines. Figure 2 shows that the 
peaks in voltage are not consistently centered about the times the 
antenna is aligned with the velocity vector or the magnetic field. 

The peaks are also broader than expected if due only to a shielding 
effect. Thus, the signal is due either to a gradient in the fluxes of 
energetic electrons reaching the probes, or both a gradient in fluxes 
of energetic electrons and an electric field. We cannot rule out the 
possibility that we have measured the electric field. However, 
because the entire region where the large electric field signals and 
the energetic electrons are observed is only 20 meters wide (refer to 
Figure 3), gradients over the antenna length are expected. As will be 
discussed below, we consider it likely that the large v diff signal in 
event 1 is caused mainly by a gradient in energetic electron fluxes. 

In order to investigate the possible interpretation of the large 
signals associated with event 1, the V diff signals were analyzed as 
follows. Due to the spacecraft rotation, the v diff signal varies 
sinusoidally with the PDP spin period of 13.1 seconds, and we assume 
that attains peak value when the antenna is aligned with the 

direction of strongest gradient in the energetic electrons. The 
direction and relative magnitude of the gradient is then obtained by 
using a least squares method to fit a 13.1 second segment of the 
signal to the function 
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F(t) = F t + F 2 cos(2rt/T - *) (4) 

where T = 13.1 seconds, and Fp F 2 , and $ are parameters determined by 
the fit procedure. If the signal is interpreted as a measure of the 
gradient of the energetic electron flux, then the constant F 2 gives 
the magnitude of the gradient and $ gives the direction of the 
gradient in the spin plane. We do not expect the energetic electron 
flux to vary much along the direction of 8, so we assume that the 
gradient lies in the plane perpendicular to B and that we have 
measured the component of the gradient projected onto the PDP spin 
plane. Using this assumption, the magnitude of the gradient vector in 
the plane perpendicular to B was determined. In order to establish a 
"goodness of fit" of the curve fit performed for each measurement, the 
following test variable was calculated: 

X = [E(F(t i ) - Xj) 2 /(N - 3)]V 2 /Y 2 (5) 

where x^ is the v dif f signal at time t., and N is the number of sample 
points used in one curve fit. Measurements were retained if X < 0.25, 
corresponding roughly to 257. error. 

The vectors obtained by the above analysis are shown in Figure 7. 
The vectors are plotted along the trajectory of the PDP relative to 
the electron beam where the coordinate directions are the same as in 
F igure 3 . The V diff si gnals first becomes larger than |(VxB)*t|, and 
the gradient in the energetic electron flux first becomes significant, 
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when the PDP is about 10 meters away from a line extending directly 
downstream from the center of the beam. The V..^ signal, and thus 
the gradient in the electron flux, become larger as the PDP gets 
closer to this line. The gradient vectors tend to point toward the 
line. The indicated picture is that of a region of energetic 
electrons downstream from the primary electron beam. The region is 
not homogeneous but rather the electron flux is peaked along the line 
extending directly downstream from the primary beam. 

The presence of a gradient in energetic electron flux can account 
for the large magnitude (larger than 8 volts) of the signals 

during event 1. If the magnitude of the gradient in is estimated 
from the Lepedea measurements, then the signal that would result 

from such a gradient can be estimated. As stated previously, the 
Lepedea measured a peak value of of about 4 x 10' 4 amp/m 2 . We 
assume that the flux of energetic electrons is peaked on a line 
extending directly downstream from the center of the beam, and is 
symmetric about that line. Since the region where large signals are 
detected is about 20 meters wide, the spatial gradient AJ^/Ax is 
approximately (4 x 10' 4 amp/m 2 )/(10m) = 4 x 10* 5 amp/m. The resulting 
Vdiff can be estimated by: 

V diff = (AJ b /Ax)(AV/AJ b )(Lsin0) (6) 

where the quantity AV/AJ b must be determined from Figure 5, L is the 
antenna length, and 0 is the angle of B to the spin plane. For n g = 
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lxlO 11 m" 3 and J b > 4x10" 5 amp/m 2 , AV/AJ b is -1.6xl0 5 volts/amp/m 2 . 

The antenna length is 3.89m (see Table 1) and 0 is about 23° (see 
Table 2). Using equation 4 with the given values, we obtain « 

9.7 volts. Thus, a gradient in the energetic electron flux of the 
magnitude indicated by the Lepedea measurements could easily produce 
the signals recorded during event 1. 

Analysis of all 5 events suggests that energetic electrons are 
found in a region about 20 meters wide extending up to 170 meters 
downstream from the injected electron beam. Consideration of event 1 
indicates that very close to the beam, there is a large spatial 
gradient in the energetic electron flux: the flux increases as one 

approaches the line extending directly downstream from the center of 
the beam. We expect that the energetic electron flux is symmetric 
about this line. For events 3, 4, and 5, in which the PDP was 80 or 
more meters away from the beam, the signals are explained by the 
presence of energetic electrons having a preferential direction of 
motion along the magnetic field line, but in a direction opposite to 
the beam injection. 

Although the main features of the V diff signals during events 1 
through 5 are understood in terms of the discussion given above, some 
features remain unexplained. For example, the voltage peaks during 
event 4 are bumps on a signal that is otherwise sinusoidal. The peaks 
in event 4 are explained by alignment of the antenna with the magnetic 
field or with the velocity vector in the presence of energetic 
electrons. However, the V,.rr signal for event 4 shown in Figure 2 
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would also provide a reasonably good fit to the function in Equation 
4. Yet, since the shadowing effects are apparent in the measurements, 
a fit of the signal to Equation 4 would be difficult to interpret. It 
is not clear why event 4 has a more sinusoidal character than events 3 
or 5. Similarly, the large peaks in the signal during event 2 can be 
attributed to alignment of the antenna with the velocity vector in the 
presence of energetic electrons, but the signal remains > |(Vxfi)-t| 
when the probes are not in the spacecraft wake. 

Finally, we consider the average potential measurements. The 
measurements show that during periods of no beam operation, the 
average probe floating potential was several volts higher than the PDP 
chassis floating potential. The solution of Equation 1 (see Figure 5) 
indicates that the probes should float to a potential which is much 
less than a volt higher than the PDP potential. During events 1 and 2 
the average probe floating potential became lower than the PDP 
potential. The solution of Equation 1 indicates that the average 
probe floating potential should always be higher than the PDP chassis 
potential. The reasons for these discrepancies are not clear. 

However, we speculate that explanation involves the properties of the 
PDP surface materials. In solving Equation 1 for the PDP potential, 
we assumed the PDP to have a uniformly conducting surface. However 
the potential of the aluminum mesh on the PDP surface may be 
influenced by the fiberglass cloth which underlies it. The fiberglass 
cloth may be charging to a different potential than the aluminum mesh. 
Katz and Davis [1987] analyze some of the effects of the fiberglass 
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cloth- aluminum mesh arrangement for the situation of the PDP attached 
to the shuttle. The ultimate effect on the mesh potential for the PDP 
in free flight is uncertain. 



V. CONCLUSIONS 


Our conclusion from this analysis is that the large signals 
measured by the PDP quasi- static electric field instrument during 
electron beam operation can primarily be attributed to three causes. 
First, at times when the electric antenna is aligned with the 
projection of the magnetic field into the spin plane, the spacecraft 
body shields one probe from energetic electrons moving along the 
magnetic field lines. The two probes receive different amounts of 
electron current, thereby causing large signals. Second, at times 
when energetic electrons are reaching both probes, but one probe is in 
the PDP wake, the wake produces asymmetries in the plasma density at 
the two probes, thereby causing large signals. Finally, spatial 
gradients in the energetic electron fluxes between the two antenna 
probes produce differences in the energetic electron current to the 
two probes, thereby causing large signals. When the electron beam 
generator is operating, energetic electrons are found in a region 
about 20 meters wide and up to 170 meters downstream from the injected 
electron beam. Because the region is so narrow, the spatial gradients 
are significant even over the length of the PDP antenna. For events 
80 or more meters away from the beam, the electric field results are 
explained by the presence of energetic electrons having a preferential 
motion back down the magnetic field line on which the beam was 



28 


injected. 

On the Spacelab-2 mission, it was demonstrated that with the 
shuttle it is possible to carry out detailed studies of electron beam 
effects under carefully controlled conditions. Thus, it should be 
possible to obtain a good map of the electric field near an electron 
beam. However, our experience indicates that double probe floating 
potential measurements are not reliable in the region near the beam. 
The floating potential of an object in a region with substantial 
fluxes of energetic electrons can be many times kT g /e more negative 
than the plasma potential. A small difference in energetic electron 
current collected by each probe of a double probe system can then lead 
to differential voltages much higher than those due to any electric 
field in the plasma. Reliable potential measurements probably will 
require biased probes, such as described by Fahleson [1965], or 
emissive probes such as described by Bettinger [1965] . These active 
potential measurements are not as sensitive to energetic electrons. 

An example of a biased probe system is found on the ISEE- 1 spacecraft 
[Mozer et al., 1978]. In general though, active potential 
measurements have not been widely used because of the appealing 
simplicity of floating potential measurements. However, for future 
spacecraft electron beam experiments, active instead of passive 
potential measurements will probably have to be considered. 
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FIGURE CAPTIONS 


Figure 1. 


Figure 2. 


Figure 3. 


Figure 4. 


Figure 5. 


The Plasma Diagnostics Package. Dimensions are given in 
meters. 

Large differential voltage signals associated with times 
of the electron beam generator operation. Arrows at the 
top indicate times the antenna was aligned with the 
spacecraft velocity vector. Arrows at the bottom 
indicate times the antenna was aligned with the magnetic 
field. 

Dashed lines indicate the trajectory of PDP in the plane 
perpendicular to 8 during times of electron beam 
generator operation. The trajectories for events 1 
through 5 are shown as solid segments. The origin 
represents the position of the magnetic field line on 
which the beam lies. is the component of velocity 
perpendicular to 8. 

Average potential measurements during times when large 
differential voltage signals were detected. 

Solution of Equation 1 using values from Table 3. Model 
of floating potential as a function of energetic 
electron current. Antenna probe and PDP chassis have 
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Figure 6a. 


Figure 6b. 



Figure 7. 


different floating potentials because of their different 
current collecting surface areas. 

The PDP with the spin plane corresponding to the plane 
of the page. Energetic electrons move along the field 
lines. As the PDP spins, the antenna periodically 
becomes aligned with the magnetic field, and one probe 
is shielded from the electron flux. The probe also 
passes through the PDP wake. 

The PDP viewed with the spin axis in the plane of the 
page. The angle 9 of the magnetic field to the spin 
plane is shown. If 8 is small, then particles moving 
along field lines can be shadowed from one probe. 

Vectors showing the gradient in energetic electron flux 
along the trajectory of the PDP during event 1. Note 
that the beam will have a finite width, and the location 
of the beam center shown is accurate only to within a 
few meters. 
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TABLE 1. INSTRUMENT PARAMETERS AND DYNAMIC RANGES 


Electric field high gain range 
Electric field high gain precision 
Electric field low gain range 
Electric field low gain precision 
Electric field sample rate 
Average potential range 
Average potential sample interval 
Spherical probe separation 
Spherical probe diameter 


± 0.064 volts/m 
± 0.51 millivolts/m 
± 2.0 volts/m 
± 0.017 volts/m 
20.0 samples/ second 
± 8.0 volts 

1.6 seconds/sample 
3.89 meters 
10.2 cm 
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TABLE 2. BEAM PARAMETERS, SUNLIGHT CONDITIONS, PDP ORIENTATION 


Event 

1 

2 

3 

4 

5 

Distance from 
PDP to shuttle 

206m 

218m 

93m 

90m 

235m 

Distance from PDP 
to Flux Tube of 
Beam 

26- 3m 

9-40ra 

87m 

84m 

143m 

0 - Angle of B 
to Spin Plane 

22.9° 

-23.6° 

15.4° 

-15.7° 

15.1° 

-19.4° 

10.8° 

-12.1° 

15.4° 

-16.6° 

Day /Night 

day 

night 

night 

night 

sunrise 

night 
- sunrise 

Beam Current 

50 ma 

100 ma 

100 ma 

100 ma 

100 ma 

Beam Injection 
Direction 

down 

up 

down 

up 

up 

Beam Injection 
Pitch Angle 

<7.5° 

2.4°- 10° 

54°- 70° 

68°- 69° 

38°- 45° 

Beam Mode 

DC 

1.2 kHz 

54s DC DC 

115s pulsed 
600 Hz stepped 
down to 10 Hz 

DC 
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TABLE 3. PARAMETERS USED IN EVALUATION OF EQUATION 1 


U sc spacecraft velocity 

A cross sectional area for ion collection: PDP 

X 

probe 


A„ total surface area: PDP 
s 


probe 

E^ ion energy in spacecraft reference frame 
T g electron temperature 

n g plasma density 


7.8xl0 3 m/s 

0.869 m 2 

8. 11x10' 3 m 2 
4.52 m 2 

3.24x10' 2 m 2 
5.08 eV 

0.2 eV 
5-OxlO 11 m' 3 


current density of energetic electrons 


-4 ,9 

0-5.5x10 amp/nr 


2.10 

1.95 


C-G87-683-I 



TOP VIEW 


1.95 
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ABSTRACT 

During the Spacelab-2 mission, a spacecraft called the 
Plasma Diagnostics Package (PDP) was released from the 
space shuttle to investigate the surrounding plasma 
environment# During an interval when the shuttle and PDP 
were magnetically connected, a continuous 1 keV-50 mA 
electron beam was ejected along a field line from an 
electron generator onboard the shuttle. As the PDP flew by 
the beam, the PDP plasma wave instrument detected intense 
whistler-mode radiation originating from the beam. It is 
believed that coherent Cerenkov radiation from bunches of 
beam electrons is responsible for the whistler-mode 
radiation, where an electrostatic beam-plasma instability 
forms the coherently radiating bunches. In this paper, a 
detailed model of the coherent Cerenkov emission process is 
presented. A one-dimensional computer simulation of the 
beam is used to model the expected phase-space structure of 
the electrons, and power emitted from Cerenkov radiation is 
computed using an analytical expression. The calculated 
power from the modeled 200-meter beam segment is — 5 x 10” 8 
W/Hz which can easily account for the measured whistler- 
mode wave power. The inclusion of coherent effects in the 
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beam increases the wave powers by nearly 90 dB above 
incoherent power levels. These calculations demonstrate 
that a spontaneous emission process , alone , can account for 
the observed whistler-mode wave powers. 
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I . INTRODUCTION 


During the Spaceiab-2 (SL-2) mission, intense whistler- 
mode radiation from an electron beam ejected from the space 
shuttle was detected by radio receivers onboard the Plasma 
Diagnostics Package (PDP) which was in free-flight around 
the shuttle (Gurnett et al., 1986). Simple calculations 
have indicated that coherent Cerenkov radiation emitted by 
bunches of beam electrons may produce such whistler— mode 
signals (Bell, 1968; Farrell et al., 1988), with the 
bunches being formed by a beam— plasma instability. This 
paper presents a detailed model of this wave generation 
process, including a determination of the expected radiated 
power . 

In July of 1985, the space shuttle carried the SL-2 
payload into the upper ionosphere. One of the experiments 
onboard was the University of Iowa's Plasma Diagnostics 
Package, which contained ten experiments designed to study 
the plasma environment around the shuttle orbiter. Another 
experiment, the Vehicle Charging and Potential experiment 
( VCAP ) , also flew on the mission to study the charging and 
potential of the shuttle. Part of this package included a 
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Fast Pulsed Electron Generator (FPEG) designed to eject a 1 
keV-50 rnA electron beam. 

The PDP was released from the shuttle for a six-hour 
period on August 1, 1985, to investigate the plasma 
environment in an extended region around the shuttle. At 
specific times, the PDP intersected geomagnetic field lines 
that connected to the shuttle orbiter. These times are 
known as magnetic conjunction. During one magnetic 
conjunction event, the FPEG, located in the shuttle cargo 
bay, continuously ejected a 1 keV-50 mA electron beam with 
a pitch angle that varied from 0° to 20°. The PDP, located 
200 meters from the shuttle, passed within 6 meters of the 
magnetic flux tube containing the beam. During this 
magnetic conjunction, the PDP plasma wave instrument 
detected intense whistler-mode radiation. Figure 1 
displays a frequency-versus-time spectrogram from the PDP 
plasma wave instrument during the 1 keV-50 mA beam ejection 
(3:30 to 3:37 UT). The whistler-mode emission is the 
funnel-shaped structure extending in frequency from about 
30 kHz to about 1 MHz. 

The whistler-mode emission observed during the beam 
firing has been the subject of two studies (Gurnett et al., 
1986, and Farrell et al., 1988). Evidence presented in 
both studies indicates that the emission is quasi— 
electrostatic and is propagating with wave normals near the 
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resonance cone. The emission is also believed Co be 
generated by a Landau resonance interaction , since its 
index of refraction values are near those expected for such 
an interaction (Farrell et al., 1988) and k*vb > 0 
(Gurnett et al., 1986). The radiated whistler-mode power 
from the first 200 meters of the beam was calculated by 
integrating the Poynting flux through a surface that 
contained the PDP trajectory (Farrell et al., 1988). The 
resulting power spectrum is displayed in Figure 2. Note 
that the power spectral density, dP/df, is about ~10 - 9 W/Hz. 
The total power radiated in the whistler-mode from the 200- 
meter beam segment has been estimated to be 1.6 mW, which 
corresponds to a linear emissivity of about 8 x 10~ 6 W/m. 
Since the total power in the beam is 50 watts, the beam 
converted only 3.2 x 10“5 of its power to whistler— mode 
radiation in the first 200 meters of its trajectory. 

Due to the low efficiency of converting beam power to 
wave power, incoherent Cerenkov radiation from the beam 
electrons was initially considered as the source of the 
emission. However, the estimated power from this radiation 
process is 10 7 times smaller than those detected (Farrell 
et al., 1988). In reality, the beam cannot be considered 
an incoherent radiator since a beam-plasma instability is 
operating in the beam forming quasi-periodically spaced 
density perturbations or "bunches" which can radiate 
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coherently. Therefore, an emission process involving 
coherent Cerenkov radiation from these bunches was 
considered (Farrell et al., 1988). Strong instability- 
related electrostatic turbulence near the local plasma 
frequency, f pe , was detected in the beam by the PDP plasma 
wave instrument. These waves interact with the beam and 
form the "bunches" which can spontaneously emit powerful 
Cerenkov radiation due to the increased coherence of the 
beam electrons. The Cerenkov radiation emitted from these 
coherent structures is then detected by the PDP plasma wave 
receiver as the whistler-mode radiation. As demonstrated 
previously (Farrell et al., 1988), the frequency range of 
the emitted Cerenkov radiation closely corresponds to that 
of the detected whistler-mode radiation and the bunching 
may create enough coherence among the beam electrons to 
yield the measured wave powers. 

In this paper, we will present a model of the coherent 
Cerenkov radiation from a bunched electron beam like that 
on the SL-2 experiment. We note that there are other 
possible mechanisms for generating the whistler-mode 
radiation, such as a whistler-mode instability in the beam 
(Lin and Wong, 1988) or some nonlinear mode conversion 
process. However, we will only consider the coherent 
Cerenkov radiation model and attempt to demonstrate that 
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this process alone can account for the measured wave 
powers. In Section II, an expression is derived that 
describes the coherent Cerenkov radiated power from a 
field-aligned electron beam. This expression will be 
applied to a model of the SL-2 electron beam obtained from 
a one— dimensional particle simulation, the results of which 
are outlined in Section III. In Section IV, the power from 
the modeled beam is calculated and compared to the measured 
power in the whistler-mode from the actual SL-2 electron 
beam. 
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II. EXPRESSION FOR THE RADIATED POWER 


In this section an expression is derived for the power 
emitted from an electron beam by a coherent Cerenkov 
radiation process. The derivation presented here is 
similar to that of Mansfield's (1967), who calculated the 
radiated power from a single test particle in a plasma 
medium using' the Fourier transforms of the source current 
and radiated electric field. Using a similar analytical 
technique, Harker and Banks (1983) derived an expression 
for the power radiated from a pulsed electron beam in a 
plasma medium which included coherent effects between the 
radiating electrons in the pulses. In their derivation, it 
was assumed that all beam electrons travelled with the same 
velocity, v, in pulses of length, with a distance, d, 
separating each pulse and that the pulsing is imposed by 
the generator that produces the beam. Compared to the 
incoherently-radiated power from a beam, the inclusion of 
coherent effects between radiating beam electrons in a 
pulse leads to much higher powers. The calculations 
performed in our analysis are similar to theirs, except 
that we are now considering the radiation from an initially 
continuous beam that becomes modulated or "bunched" due to 
the beam-plasma instability. 
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In the derivation of the radiated power presented here, 
it is assumed that the beam is a line source radiator of 
electromagnetic waves. This assumption is valid since the 
whistler-mode wavelength, A em , is on the order of 20 meters 
and is several times greater than the beam diameter, d, 
which is at most 2 cyclotron radii or about 6 meters 
(Farrell et al., 1988). It is also assumed that the beam 
electrons only act as test particles and do not signifi- 
cantly alter the plasma medium. In this case, the medium 
is represented by a homogeneous, cold, collisionless plasma 
in a static magnetic field, and terms in the dielectric 
tensor, K, describing the beam are not included. In 
reality, the 1 keV-50 mA electron beam ejected from the 
shuttle was initially overdense (nb > n a )» but, as 
indicated in pictures of beams (Sasaki et al., 1986; Banks 
et al., 1987) and in beam simulations (Winglee and 
Pritchett, 1987), the beam tends to expand quickly and 
become underdense (nb < .1 ha), an< ^ it is ^e underdense 
region where the test particle assumption can be considered 
valid. According to the simulations of Winglee and 
Pritchett (1987), the beam becomes underdense within the 
first 100 Ad o£ the injection point. 

We write the equation for a wave in a cold plasma 
including the external current source, J q (k,co) as 
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tf=, 7 v iJ (k,co) 
T*E(k,co ) = — 9 — 


co e. 


( 1 ) 


« - - — — — - «-► - <-► 
where T*E(k,co) = n x n x E(k,co) + K'E(k,oo) and K is the 

cold plasma dielectric tensor. The form of the dielectric 

tensor used here can be found in Mansfield (1967). The 

electric field, E(r,t), is obtained by taking the inverse 

Fourier transform of E(k,co), 


E(r,t) = -L_ JJ TT -1, J (k,co)e i( “ t_k ’ r ^dk — . (2) 

c 0 q a> 

The current density can be expressed in a generalized 
form for a line source as 


J q (r,t) = (x J x (x,t) + y J y (y,t) + z J 2 (z,t)) 
8(x - R c cos co c t) 8(y - R c sin co c t) 


(3) 


where the beam displacement is 


= x R c cos oo c t + y R c sin oo c t + z z 


( 4 ) 


and R c and co c are the cyclotron radius and frequency, 
respectively. The Fourier transform of this current is 
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, 1 f _ . i(k*r-cot). . 

J q (k,co) = ( I J q (r,t) e dr dt 


= f (x J x (x,t) + y J y (y,t) + z J 2 (z,t)) (5) 


Uk 2 z-Qt) [e ik x R c cos co c t ][e ik y R c sina) c t ^ dfc ^ 


The exponential factors in the brackets can be reexpressed 


i k R cos Q_t ® , „ -lsco-t 

s * c c = 2 J 3 (k x R c ) e c 

3 =-« 


,* ** R ' Sin “« e = l J,.( k. S c ) e s 

0 1 — 3 7 u 

S — ” 0 ® 


where J 3 is the s-order Bessel function. Inserting these 
into (5) yields the following expression for the 
transformed current: 


J q (k,Q> = ^ f (x J x (x,t) + y J y (y,t) + z J 2 (z,t)) 


1 f It £ ) a® -lSli) t 00 IS ' U)„ t 

i* [ E J 3 (k x R c )e C )[Z J s ( k y R c )e c ] 

S=— oo S =-oo 7 


dz dt 


(7) 
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During the SL-2 beam firing, the beam pitch angle was 
at most 20°, and for a three-minute period, from 3:32:30 to 
3:33:30 UT, was less than 10°. As a consequence, Vj » V x 
which implies that J 2 (z,t) » J x (x,t) and J (y,t). Also, 

R c * V x /q c « A em and, therefore, the factors in the 
brackets in (7) are near unity. Equation (7) then becomes 

J q (k,co) = H J z (z,t)e l(k z z ‘ ut) dz dt . (8) 

Consider a group of particles ejected from a particle 
generator. Ideally, if all the particles are moving at the 
same velocity, V s , a simple transformation can be made to a 
frame moving with the particles, z' s z - V s t. In this 
frame, the current density does not depend explicitly on 
time, 

J z (z,t) * J z (z') , (9) 

and, consequently, the beam particles appear stationary. 

In order to solve the time integral in (8), a 
transformation to z' is made where the current density is 
considered time independent. In reality, it is not 
expected that all particles have identical velocities 
(i.e., they may have a spread AV about V s ) and the validity 
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of the power expression derived assuming (9) must be 
established for the particular case in question. 

Assuming that a transformation can be made to a frame 
where (9) is valid, expression (8) becomes 

J(k,u) = — f J_(z' )e lk z z 'dz '/ e l(k z v s _u)t dt . (10) 

q (2n) 4 -® 2 

The quantity / J z (z') elkzz' dz' = "\/2n J z (k z ) where J z (k z ) 

-os 

is the Fourier transform of J(z'). Using the definition of 

<30 

the delta function, / e^zVs • dt = 2n 8(k z Vs - w), 

•m 

and the fact that k z = no cos 0/c, (10) is now 

A 

J (k,u) = (V2n J_(k_))8(nco cos 00 - to) (11) 

q (2n)3 


where 0 = V s /c. 

In order to determine the radiated electric field, (11) 
is substituted into (2) to obtain: 


E(r,t) 


1 _ ff(T" 1 *z)(V2n J,(k_) )S(nco cos 00) - to) 

(2^)V 


e i(o)t 


k‘r) 



( 12 ) 


Knowing the electric field and source current, an 
expression for the radiated power can now be found: 
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P(t) = / E(r ) • J(r )dr 


(13) 

1 

_ — J/(z*T -1 *z) [ (2n)J z (k z (n,0) )J z *(k z (n,0) ) ] 

(2*) 2 e Q 

8(nco cos 0(5 - co )e 1 (“ -n “ cos0 ^ t: n 2 CL) 2 dn sin0 d0 dco 


where n2 (co3/c3) dn sin 0d0d4> has been substituted for the 
element dk and the trivial integration over <j> has been 
performed. Integrating over 0, an integral of the form 


I = /f(x)8(Ax - B)dx = — 



must be solved, where A * |n u PI , B = co and x Q = cos 0 O = 
l/n£. It should be noted that to obtain a nonzero solution 
to the integral, the condition cos 0 O = 1/n^ must be 
satisfied, which is the Landau resonance condition. Upon 
evaluating the integral the radiated power becomes 


0 (14) 

J*(k (n,0 ) ) ] Inllcol dn dco 
z z o 

«-* . 

From Mansfield, the quantity (zT -1 z) is 
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(z«T _1 ’z) = 


TssCn) 

Cj^Cn -n 2 )(n 2 -n 1 ) 


where 


2 2 2 ^,4 2 x 2 a 

T 33 ■ ef - e 2 - £ x n + (n - ejn )cos 0 O 


(15) 


(16) 


n\ f2 ~ [~B±(B 2 - 4Ce 1 ) 1 ^ 2 ]/2e 1 , (17) 

B = (— ) 2 (e 3 - e x ) + e 2 - e 2 - £^3 . (18) 

^3 

and 

C 38 (_f_) 2 (e 2 - ef - £383) + £3(^1 ~ t \) • ( 19 ) 

^3 

Using the Plemelj formula, the complex integration over 
dn is performed to yield the final expression for the 
radiated power: 
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P(t) = P = j" ( “ ) ,- L y I T 33 (n k ) 

-® Sire^c^ (n|-nf) k=l 


[ 2rJ z (k z (n k , 6 0 ) ) J z * (k z (n k , 6 0 ) ) ] 


( 20 ) 


Note that the radiated power is proportional to the 
square of the Fourier transform of the current density. 

This result is similar to that obtained by Harker and Banks 
(1983), who found that the radiated power varies as the 
square of the transform of the current pulses. Once the 
current density and its transform are known, it can be used 
in Equation (20) to easily calculate the radiated power. 

We will use a modeled beam to obtain the beam current, 
J z (z,t), since the available plasma instruments flown on 
the PDP cannot directly measure the electron bunching which 
occurs on time scales of l/co pe — 10 - 7 seconds. The results 
of the beam simulation are presented in the next section. 



III. A ONE-DIMENSIONAL ELECTROSTATIC SIMULATION 
OF THE SL-2 ELECTRON BEAM 


To obtain the required beam current, a one-dimensional 
electrostatic model of an electron beam propagating through 
an ambient plasma is simulated on a computer. A one- 
dimensional beam model was chosen since the length scales 
being considered are very long, about 200 meters (many 
thousand Debye lengths), and cannot be reasonably modeled 
using a two- or three-dimensional system due to the 
practical limits on computer CPU time. In the one- 
dimensional model, it is assumed that the velocity of the 
particles is directed along a static magnetic field line, 
which allows the particle trajectories to be unaffected by 
this field. Since the SL-2 electron beam was nearly field- 
aligned during injection, this assumption is acceptable. 

In this analysis, we also assume that the magnitude of the 
electric field of the generated Cerenkov radiation is much 
smaller than that of the electrostatic wave generated 
within the beam, Ees ^ Erad- This assumption implies that 
the radiated electric field did not significantly alter the 
SL-2 beam electron trajectories, and is consistent with the 
modeling of the beam where radiation field effects are 



19 


neglected. This assumption is also consistent with 
observations made during the SL-2 experiment, where Ees 2 
.3 V/m in the beam while Erad 10 -3 V/m for the whistler- 
mode waves. 

The simulation is designed so that initially the system 
is charge neutral. The particles representing the ambient 
electrons can move freely, however, they are confined to 
the system by re-injection boundaries. Ambient electrons 
leaving the system at these boundaries are re-injected with 
a Gaussian-weighted velocity between zero and the electron 
thermal speed. The electron beam is represented by 
particles of negative charge that are injected into the 
system at the z = 0 boundary with velocities greater than 
the ambient electron thermal speed. In order to keep the 
net charge in the system equal to zero, a positive charge 
equal in magnitude to the amount of negative beam charge in 
the system is placed at the z = 0 boundary. This boundary 
charge draws a return flow of ambient electrons which, for 
low beam flux (nt,VbA < ^VaA), is sufficient to keep the 
boundary almost completely neutralized. 

In a one-dimensional simulation, the particles are 
charged sheets of infinite extent in the transverse 
direction, and of finite thickness (— Xd) along the 
direction being modeled. Consequently, the modeled beam 
has an infinite cross-section. This infinite cross-section 
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model, however, is contrary to the true SL-2 electron beam, 
which had a cross-sectional radius of no more than six 
meters (Farrell et al., 1988). Assuming such a model 
ignores finite radius electrostatic effects associated with 
the SL-2 electron beam and is only justified if the 
wavelength of the longitudinal electrostatic mode, A.es> is 
less than the SL-2 electron beam diameter, d, which is not 
the case. Therefore, we must demonstrate that the 
electrostatic nature of a finite radius beam, like the SL-2 
electron beam, is not significantly different from an 
infinite radius beam. To show this, a comparison will be 
made between our one— dimensional beam model and a two- 
dimensional radially finite beam model (Winglee and 
Pritchett, 1987) to verify that finite radius effects are 
insignificant. 

Figure 3 displays a beam phase space configuration 
from Winglee and Pritchett's (1987) two-dimensional 
simulation of a radially finite beam. In their model, an 
initially overdense beam is injected into a model 
ionosphere, with the ratio of the beam density to ambient 
density, nb/nA, equal to 4 and beam velocity to ambient 
thermal velocity, Vb/VTH» equal to 20. Both ratios used in 
the simulation are representative of the conditions during 
SL-2 electron beam injections. From this figure we see 
that the beam can freely propagate from the injection 
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boundary (located at x/A = 125). In this case, the 
spacecraft charging potential at the injection boundary is 
much less than the initial beam energy, 4> < im e Vb 2 , and 
will allow the beam to escape from the near injection 
region. This low spacecraft potential is consistent with 
potential measurements made during the SL-2 mission where 
the shuttle obtained only a 40 volt potential during 
ejections of a 1-keV electron beam (Williamson et al., 

1985; Hawkins et al., 1987). According to Winglee and 
Pritchett, the simulated beam expands radially from the 
initial injection radius of 2 Ad out to 7 - 13 Ad in its 
first 100 Ad of propagation due to the Coulomb repulsion of 
the electrons in the beam. After the beam has expanded, it 
is underdense, with nb < nA, and the interaction of the 
beam with the ambient ionosphere is typical of underdense 
beams modeled in one-dimensional simulations (Okuda et al., 
1987; Okuda and Kan, 1987; Winglee et al., 1987). As seen 
in the figure, the classic particle trapping structures 
created in this beam are very similar to those obtained in 
the one-dimensional simulations referenced above, thereby 
indicating that finite radius effects are not altering the 
beam structure significantly. 

Due to the limitations of a one-dimensional simulation, 
we will not self-consistently model the spacecraft charging 



22 


and expansion region of the beam as was done by Winglee and 
Pritchett; but instead, will model the beam after it has 
already propagated 100 Ad through the expansion region. 

The modeling of the beam will start at point A labeled in 
Figure 3, where the beam is considered underdense and still 
relatively cold. 

Figure 4(a), (b), and (c) displays the beam phase space 
configuration from our one-dimensional simulation after 50, 
100 and 840 cope" 1 , respectively. In this model, n^/n^ = 
1/16, Vb/ViH = 20 and the beam is initially cold at z = 0. 
Each unit of distance represents 2X D or about 10 cm; thus, 
Figure 4(c) displays the beam phase space configuration for 
a 200 meter beam segment. The simulation was run for 840 
plasma periods to allow the transient front edge of the 
beam to leave the system. Consequently, the model 
displayed in Figure 4(c) represents the steady state beam. 
Note from the figures that the wave-particle trapping 
structures are similar to those of the two-dimensional beam 
displayed in Figure 3, implying that both are undergoing 
similar electrostatic interactions. Also note that the 
beam phase space configuration appears very similar to 
those modeled by Okuda et al. (1987), who performed a one- 
dimensional simulation similar to the one presented here. 
Figure 5(a), (b), and (c) displays the number of beam 
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particles as a function of z at times corresponding to 
those in Figure 4. Note from both Figures 4 and 5 that the 
beam is undergoing strong interactions with the background 
ionospheric medium. In the first 100 meters (z * 0 to 
1000), the beam-plasma instability is creating the classic 
trapping structures associated with such instabilities, 
which gives rise to significant perturbations in the 
density. Beyond 100 meters (z > 1000), the beam is 
strongly thermalized, with the beam particles becoming 
randomized in phase space due to the wave-particle 
interactions. Such randomization of the particles 
signifies the transfer of free energy from the beam to the 
electrostatic turbulence. Even though the beam becomes 
randomized, some significant density fluctuations are still 
present out past 100 meters (z > 1000), as indicated in 
Figure 5(c). 

According to expression (20), the current density of 
the beam is needed to obtain the radiated power. Figure 
6(a) displays the beam current depsity, J z (z,t = 840 cop e -1 ) 
in the 200-meter beam segment. Note from the figure that 
current density perturbations are clearly evident in the 
beam. It is the radiative coherence within and between 
these perturbations that yield significant wave powers, 
since the randomized background beam component only 
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contributes to the incoherent power level. Figure 6(b) 
displays the Fourier transform of the current, J z (k z ), as a 
function of k z . The resulting transform appears as a 
white-noise type k-spectra for k z > 20? however, for k z < 
20, J z (k z ) appears to increase as k z decreases. The white- 
noise type k-spectra found in k z > 20 results from the 
randomized component of the electrons in the computer 
model. Although not feasible, if electrons with real mass 
and charge had been modeled, this noise would be 
significantly reduced. The average noise level was 
obtained by calculating the arithmetic average of the 
J z (k z ) values between 23.6 and 31.4. This level is 
represented by the dotted line in Figure 6(b). The 
increase in J z (k z ) found at k z < 20 results from wave- 
particle interactions within the beam that create current 
density perturbations or ''bunches." If bunching had not 
occurred, the simulated beam electrons would be completely 
randomized in phase space and the resulting values of 
J z (k z ) would appear as white-noise at all k z values. 
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IV. THE RADIATED POWER FROM A MODEL OF THE 
SL-2 ELECTRON BEAM 


Equation (20) will now be applied to the simulated SL-2 
electron beam discussed in the last section. In applying 
this expression to waves propagating in the SL-2 electron 
beam environment, some further approximations can be made. 
Specifically, in the frequency range of consideration, 
ni > n 2 , ni =: n where n is the whistler-mode index of 
refraction obtained from cold plasma theory and T 33 (ni) = 
103 T 33 (n 2 ). Also, based on arguments of the typical 
density structure size in the beam, J z (k z (n2,0o) ) > 

J z (k z (ni ,0 O ) ) . Consequently, the k=2 term in the summation 
of Equation (20) is very small and can be neglected. The 
radiated power can then be expressed as 


P(t) = P = f [. 


-Icoldto 


-® Sirc^c^Vg (nj-nj) 


.]2nJ z a t ;)J*(k')T 3 3(n 1 ) 


( 21 ) 


where k z ' = n cos 0 o co/c. Note that ni > n 2 which makes the 
term in brackets positive for the frequency range consider- 
ed. To derive (21), it was assumed that a frame of refer- 
ence exists where the current density is time independent 
and, thus, all current density perturbations propagate 
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at the same speed, V g . In this case, the transform of the 
current density is properly represented by Equation (11), 
where the delta function specifies the propagation speed, 

V g , of the perturbations. In reality, however, all the 
perturbations may not be propagating at the same speed; and 
the validity of using Equation (21) to estimate the coher- 
ent radiated power must be established. Consider a more 
realistic case where the density perturbations propagate 
with a speed V ± AV, where AV represents a velocity spread 
of the perturbations. In this case, the delta function in 
Equation (11) should be replaced by a function that 
approximates this spread in velocity, such as a Gaussian 
function. As demonstrated in the Appendix, as long as this 
spread is not too great, the values of the radiated power 
are not significantly different from those obtained from 
perturbations all moving at identical velocities. 

The velocity of the perturbations, V g , must be 
determined in order to obtain a solution to (21). This 
velocity can be found by examining the spatial and temporal 
evolution of the current density perturbations in the 
simulation. By plotting the current density values above 
the average, J z (Z,t) > .05 A, as a function of z and t, the 
evolution of the individual perturbations can be followed. 
Such a plot is displayed in Figure 7. From this figure we 
see that the current density perturbations drift from the 
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injection point at nearly the initial beam speed of 1.89 x 
10 7 m/sec. However, not all the perturbations move at the 
same identical speed since, at certain times, merging of a 
number of perturbations occurs. Examples of such current 
density enhancements are at x ■ 100 meters, t = 2.1 x 10 -5 
seconds and at x = 85 meters, t = 3 x 10~ 5 seconds, and are 
circled in the figure. It is the creation of these struc- 
tures coupled with the perturbations near the injection 
boundary that yield the large values of J z (k z ) at small 
wave numbers (k z < .2) shown in Figure 6(b). The Fourier 
transform of the current density, J z (k z ,a>), is displayed in 
Figure 8. Note from this figure that the most intense 
values of the current corresponding to the perturbations 
lie near V s = 1.89 x 10 7 m/sec, which is represented by the 
solid line in the figure. We also see that there is a 
spread in these values about V 3 ; but this spread is not 
very large and Equation (21) can be readily applied. It is 
interesting to note that even though the beam, itself, 
develops a significant velocity spread, as indicated in 
Figure 4, the perturbations which generate significant 
radiation continue to propagate at the injection speed with 
little spread. 

To obtain the radiated power from (21), J z (k z ) 
evaluated at k z * ( oo ) = n cos 0 o to/c is required, where the 
wave number, k z '(co), represents those of the whistler-mode 



28 


that satisfy the Landau resonance condition. This 
wavenumber varies from .01 at 31.1 kHz to .332 at 1 MHz. 

The current density values that correspond to these 
wavenumbers are indicated in Figure 6(b). Using Equation 
(21) and the calculated values of J z (k z ) with the noise 
level subtracted^ the radiated power spectral density, 
dP/df, from the modeled 200-meter beam segment is 
evaluated. These power spectral density values are plotted 
as a function of wave frequency in Figure 9 (represented by 
x's), along with the log average of these values 
(represented by the straight line). The calculated 
incoherent Cerenkov power spectra (represented by o's) and 
measured whistler-mode power spectra (represented by .'s) 
from the 200-meter SL-2 electron beam segment is also 
displayed in the figure. Note from the figure that the 
inclusion of coherent effects amongst the beam electrons 
increases the wave powers by nearly a factor of io^ (90 
dB's) above incoherent power levels and yields values that 
are relatively close to the measured whistler-mode powers. 
It is clear from the figure that coherent Cerenkov 
radiation from the beam can indeed account for the measured 
whistler-mode wave power. 

It can also be seen from Figure 9 that the calculated 
power from the modeled beam actually overestimates the 
measured power by a factor of 40. This over estimate may 
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result from the fact that the SL-2 electron beam is not an 
ideal line source radiator as assumed in our analysis , and 
a more accurate estimate of the power may be obtained by 
including the beam* s' radial dimension. The overestimate of 
the power may also be due to the assumption that the beam 
electrons are completely field aligned. Even if the 
electron generator is perfectly aligned with the 
geomagnetic field, electrical and fluid edge effects 
between the beam and the generator orifice may impart 
enough perpendicular momentum to the beam electrons to 
reduce the size of the density perturbations as we have 
modeled them. Consequently, the radiated power will be 
reduced. Interactions between the beam electrons and 
neutrals may also impart significant perpendicular momentum 
to the beam electrons, which will again reduce the size of 
the density perturbations and the radiated power. It might 
be expected that Landau damping of the Cerenkov radiation 
as it propagates in the ionospheric plasma will also 
significantly reduce wave powers; but it is suspected that 
this effect is not significant since the Cerenkov wave 
phase speed from the current density perturbations is still 
well above the thermal velocity of the ionosphere. Based 
on the limiting assumptions used in our model, the 
calculated power should be considered as an upper limit of 
the possible whistler-mode wave power. The effects 
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mentioned above should all tend to reduce the beam's 
radiative coherence as compared to our one-dimensional 
model; and, consequently, lower the radiated powers. 
Therefore, it is not surprising that the powers obtained 
via the one-dimensional analysis are higher than those 


measured. 
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VI. CONCLUSION 

Previously, the measured power of the whistler-mode 
waves emitted by a continuous electron beam ejected from 
the shuttle was found to be almost 10 7 greater than the 
expected power from an incoherent Cerenkov radiation 
process. Due to this discrepancy, it was suggested that 
these waves might result from coherent Cerenkov radiation 
effects in a beam naturally modulated by a beam-plasma 
instability. In this case, the enhanced radiated power 
would result from the coherence between electrons in the 
instability-related density perturbations or "bunches." 

In order to verify that this process is indeed viable, 
a one-dimensional electrostatic simulation of the beam was 
performed that verified the existence of the bunches. The 
coherent Cerenkov— radiated power from the modeled beam was 
then calculated using an analytical expression similar to 
that presented by Harker and Banks (1983), and was found to 
be within a factor of forty of the measured wave power. 

It should be noted that two very critical assumptions 
were made to simplify the above analysis. The first 
assumption was that the beam could be treated as a line 
source radiator of the whistler-mode waves, and was invoked 
to obtain a manageable expression for the radiated power. 
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Although the beam was not an ideal line source, the 
electromagnetic wavelengths were still significantly 
greater than the beam diameter, making the assumption 
valid. The second assumption is that finite radius 
electrostatic effects in the beam were not significant, 
which allowed us to model the beam using only a one— 
dimensional simulation. As mentioned previously, a one- 
dimensional simulation was advantageous since a long beam 
length was required. We demonstrated, via simulation, that 
the phase space structure of a two-dimensional, radially- 
f inite beam was indeed comparable to that of a one- 
dimensional beam. Without these two simplifying 
assumptions, the expression for the radiated power and the 
modeled beam could not have been used in the analysis. 

Since we have demonstrated that a spontaneous emission 
process alone can account for the whistler-mode wave 
powers, other more sophisticated emission processes 
operating in the beam, such as a whistler— mode instability, 
are not required. Both a Cerenkov radiation process and a 
whistler-mode instability could be present in the beam; 
but, in this case, the powers from the Cerenkov process are 
at least comparable to those from the instability. 
Consequently, effects from spontaneous Cerenkov radiation 
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processes cannot be ignored in the generation of the 
whistler-mode waves from the SL-2 electron beam. 
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APPENDIX 

As mentioned in the text, all the current density 
perturbations or bunches in the modeled SL-2 electron beam 
are not propagating at exactly V 3 , but instead propagate 
in a range of velocities, V s ± AV, where AV is the typical 
velocity spread. Consequently, in the frame moving with 
these bunches, they are not all stationary as assumed in 
the derivation of (21), but have second-order temporal 
variations that can alter the radiative coherence of the 
beam. The effect of these temporal variations on the 
radiated power can be accounted for by changing the delta 
function in Equation (11) to a Gaussian function that 
represents the spread in bunch velocity. The corresponding 
transform of the current density in space and time is then 
written as 

V E ’“> - ob ** vv [ ^- e " a2t ° /4] (A1) 


where J z (k z ) is the spatial transform of the current den- 
sity, a = k z V s -co, and t Q is the typical coherence time 
scale of the temporal variations in the current density. If 
the transform of the current density is peaked at u/k z = V s 
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with little or no spread in a or k z , then the current 
density is properly represented by (11). However, as 
Figure 8 indicates, the transform of the current density, 
Jz(k z ,w), has some spread about V s = <a/k z = 1.89 x 10 7 
m/sec. Consequently, this transform is best represented by 
(Al), where the Gaussian function is used to represent the 
spread in co-k z space. Note as t 0 -* », (Al) and (11) become 
identical. 

Following a similar analysis as was done previously, 
the power spectral density from a current density, 

J z (kz ,G>), with a spread is found to be 


dP 

do 


w=q 0 


= / F(k ,u ) 
z o 




dk 


z 


(A2) 


where 

,oo ) = — — /(z*T _1 *z)[2nJ (k )J* (k )]nu dn . 

z ° (2*) 2 e 0 c 2 z z z Z o 

(A3) 

Thus, to obtain the power spectra density, a Gaussian 
weighted integration of F(k z ,co 0 ) over dk z must be 
performed. Using (13) a similar expression can be written 
when J z (k z ,u) has no spread about to /k* = V 8 : 
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Expression (A2) and (A4) should yield similar results as 
long as F(k z ,co 0 ) approximates F(k zo ,c 0 o) in dk z . A 
numerical integrating of (A2) was performed and this result 
was indeed found to be true. The radiated power varied by 
only about 10Z when considering a spread in J z (k z , co) equal 
to k z0 . From these results it is evident that the radiated 
power does not vary significantly when considering a spread 
in J z (k z ,co) about co/k z = V s . Consequently, the radiated 
power calculated using the much simpler expression (21) 
should be a sufficiently accurate estimate of the radiated 
power from the modeled beam. 
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FIGURE CAPTIONS 

Figure 1 A frequency vs. time spectrogram from the PDP 
plasma wave instrument showing intense 
emissions during a continuous electron beam 
event (3:30 - 3:37 UT). The funnel-shaped 
structure that extends from the electron 
cyclotron frequency, f c , to about 30 kHz is 
whistler-mode radiation from the beam. 

Figure 2 The calculated power spectral density from the 
first 200 meters of the beam in the whistler 
mode is shown as a function of frequency. 

Figure 3 This figure displays the phase space 

configuration of beam electrons from Winglee 
and Pritchett's (1987) two-dimensional 
simulation. The beam is initially injected 
overdense (nt>/nA = 4); however, the beam 
expands in the first 100 Xd to where it is 
underdense. In this model, Vb/VA = 20 and the 
figure displays the beam phase space after 
about 38 cope -1 . Note that the wave trapping 
structures created in the beam are very 
similar to those typically created in one- 
dimensional simulations of underdense beams. 
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Figure 4(a), (b), and (c) The beam phase space 

configuration from our one-dimensional 
simulation is displayed after 50 cope -1 , 100 
cope -1 and 840 u P e _1 , respectively. In this 
simulation, the beam model represents the 
underdense part of the beam displayed in 
Figure 3 starting from point A. The 
simulation was run with nb/nA = 1/16 and Vb/VA 
= 20 . 

Figure 5(a), (b), and (c) Displayed are the number of beam 
electrons as a function of z at times 
corresponding to those of Figure 4. Note from 
all three figures that significant density 
perturbations are created in the beam. 

Figure 6(a) and (b) Figure (a) displays the beam current 
density as a function of z at 840 Qpe* 1 , while 
(b) displays the corresponding transform of 
this current. Note from (a) that significant 
perturbations in the current density are 
present in the beam, which increases the 
values of J z (k z ) displayed in (b) at 
wavenumbers less than 20. 

Displayed are the current density values, 
J z (z,t), above the average of .05 A as a 


Figure 7 
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function of z and t. The evolution of the 
current density perturbations is clearly 
displayed. Note that these perturbations 
drift at V — 1.89 x 10 7 m/sec, which is the beam 
injection speed. Also, note that merging of 
the current density perturbations occurs in 
the beam, as indicated by the structures 
circled in the figure. 

Figure 8 To determine the velocity of the 

perturbations, the Fourier transform of the 
current density in time and space, J z (k z ,co), 
was calculated and plotted as a function of kz 
and co. Note that the values lie near co/k z = 

1.89 x 10 7 m/sec. 

Figure 9 This figure shows the power spectra of the 
measured whistler-mode radiation from the 
first 200 meter of the SL-2 electron beam 
along with the calculated power spectra of the 
incoherent and coherent Cerenkov radiation 
from a 200-meter beam segment. Note that the 
inclusion of coherent radiation effects 
increases the calculated powers near to those 
measured from the SL-2 electron beam. Based 
on these results, it is concluded that 
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coherent Cerenkov radiation from a bunched 
electron beam can generate the detected 
whistler-mode radiation. 
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ABSTRACT 


One of the principal objectives of Experiment 3 on Spacelab 2 was to use 
the Plasma Diagnostics Package (PDP) instrumentation to obtain more informa- 
tion about the plasma wake of a large body such as the shuttle orbiter. We 
present plasma density and temperature data taken both while the PDP was 
attached to the RMS and while it was a free flying satellite. Cross-sections 
of the wake taken from 10 meters to 240 meters behind the orbiter give a first 
look at the structure of the electron and ion wake. We conclude that the wake 
is ’'smooth" with no wave-like density disturbances (as expected for a plasma 
with Ti 2 T e ), and that the near wake may be influenced by the magnetic field 
and a significant contaminant plasma population. Enhanced plasma temperatures 
are observed at the wake boundary, but no definitive heating mechanism is 
established. An increase in the sophistication of the instrumentation as well 
as the experiment itself will be required to further examine the physics of 
the fill process for objects of this scale size. 
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INTRODUCTION 


For more than 20 years experimentalists and theorists alike have strug- 
gled with the characterization of plasma wakes. The many variables such as 
relative ion and electron temperature, ion composition, body size, and body 
potential have divided the generic problem into a series of problems each with 

its own appropriate approximations and solution. The regime of very large 
3 

body size £ 10 Xp has been one that is difficult to explore in the laboratory. 

Several ionospheric experiments have been performed but none exceeded the 
2 3 

~ 10 — 10 Xj) scale size until the advent of the shuttle orbiter. More signif- 
icantly, there has been relatively little done in the laboratory where the 
object size is large compared to both the ion and electron gyroradius [e.g., 
Schmitt et al., 1973; D’Angelo et al., 1986]. The orbiter satisfies all of 
these conditions but unlike laboratory experiments can have magnetic field/ 
flow vector orientations which are at arbitrary angles. It is important to 
note that the wake characteristics may vary because of this magnetic field 
orientation. In the regime where a body is larger than an ion gyro radius the 
orbiter offers unique investigative capabilities. 

This paper will discuss measurements in this large— body regime made by 
the Plasma Diagnostics Package (PDP) during Spacelab 2. The first section 
describes the nature of the wake experiment, the second details the ionospher- 
ic conditions and establishes the scale sizes of interest. In the next we 
present the electron and ion density data and discuss the enhanced electron 
jpemperature in the wake. Finally, a comparison between this data set and 
those from other spacecraft and missions is presented. 
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EXPERIMENT 


The PDP, a small recoverable scientific satellite, designed and built at 
The University of Iowa, was one of 13 experiments aboard Spacelab 2 on Shuttle 
51F in July-August 1985 • One of its principal objectives was to determine the 
characteristics of the wake associated with a large scale structure such as 
the orbiter. A complete description of the PDP and its instrumentation can be 
found in Shawhan et al. [ 1984 ] - This paper will focus on electron density and 
temperature data collected by the Langmuir Probe (LP) instrument described in 
Murphy et al. [ 19861 and on ion density measurements taken by the Retarding 
Potential Analyzer (RPA) described in Reasoner et al. [1986]. It will build 
the database of previously reported shuttle wake investigations e.g. Murphy et 
al. [1986], Stone et al. [1986], Raitt et al. [1987]. 

Two key sets of experiments were performed during this mission which 
enabled the PDP to characterize the orbiter wake at distances downstream which 
ranged from ~ 10 m to 240 m. The first configuration was designed to measure 
cross sections of the near wake. 

The PDP was positioned by the RMS at approximately 10 m directly above 
the orbiter cargo bay (Figure 1). The orbiter then underwent a slow roll, at 
the rate of 1 degree per second, so that the PDP would pass alternately from 
the ram of the plasma flow into the orbiter wake. This effectively measured 
the wake across its narrowest dimension (the orbiter* s y-axis) and occurred 
nine times during a one-hour period. During this maneuver the orbiter 1 s 
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x-axis, as defined in Figure 1, remained perpendicular to the plasma flow 
vector. For our purposes we consider the orbiter as the stationary frame with 
the plasma moving past it. 

A second type of experiment was performed during a 6-hour period of the 
SL-2 mission devoted to the PDP M free-f light” experiment, an interval when the 
PDP was released from the orbiter and operated as a spin-stabilized satellite. 
The orbiter performed a series of maneuvers designed (among other things) to 
cause the PDP to pass through its wake at varying distances. This measured 
the orbiter wake along its widest dimension (the orbiter x-axis). At the end 
of this 6-hour free-f light period the orbiter approached the PDP and the 
Remote Manipulator System (RMS) arm was used to recapture it. 

We may subdivide the free-flight into two experiments of particular im- 
portance in the context of wake studies. The first is the orbiter back-away 
where, after releasing the PDP from the RMS at a distance of ~ 5 m above the 
payload bay, the orbiter separates along the velocity vector. This maneuver 
is illustrated in Figure 2. The approach phase proved to be less useful since 
it occurred in a region where the ionosphere was quite variable and so normal— 
ization was not practical. During the second period of interest wake transits 
associated with an "elliptical fly-around” were performed. These wake tran- 
sits, as well as some performed in a zig-zag fashion at the end of the free- 
flight period, constitute a series of wake crossings made in the orbit plane. 
These maneuvers are illustrated in Figure 3a. The wake transits resulting 
from the ”f ly-around” and "zig-zag" maneuvers are highlighted and numbered in 
Figure 3b. 

A word about the coordinate system is in order. The system used through- 
out is the Local Vertical Local Horizontal (LVLH) or "airplane-mode" coordi- 
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nates which are non-inertial and move along with the objects in orbit. We 
have chosen to place the PDP at the origin of this system since it is the pas- 
sive object. X is positive in the direction of the orbital velocity vector, Z 
is positive downward, or toward nadir, and Y is positive perpendicular to the 
orbit plane and in a southerly direction (see Figure 2). All wake transits 
take place within the X-Z plane (+5 meters). Knowing the spacial relation- 
ship between the orbiter and PDP is critical in the analysis of wake data. 
The trajectory reconstruction for Figure 3 was done by an elaborate Kalman 
filter and backward-smoothing program called RELBET which uses the orbiter' s 
rendezvous radar data as its input. Details of this process are discussed in 
Huysman [ 1985] , and in Pieniazek f 1985] . The reconstructed trajectory is 
accurate to a typical 1-sigma sphere of diameter 10 meters. Construction of 
the trajectory during back-away out to approximately 40 meters was performed 
by integration of the separation velocity obtained from on-board navigation 


software. 
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IONOSPHERIC CONDITIONS 

The altitude of the orbiter during the PDP RMS and free-f light experi- 
ments was 325 km and the orbit inclination was 49.5 degrees. Typical iono- 
spheric densities on the dayside are 1 x 10 5 to 5 x 10 5 cm“ 3 . Ion and 
electron temperatures are typically 1500 to 3000 Kelvin with Tj/Tg ~ 1. The 
dominant ionic component is 0 + . The orbiter velocity of 7.7 km/sec results in 
the interaction with the ionosphere being supersonic with respect to ions 
(Mach 4-8) but subsonic with respect to electrons (Mach < 0.05). The size of 
the orbiter is ~ 10 3 —10** times the Debye length, ~ 10 3 times the electron 
gyroradius, and is even large (~ a factor of 5) compared to the ion gyro- 
radius. This places the orbiter wake investigation in a unique position in 
the parameter space heretofore unexamlned by laboratory and small satellite 
experiments . 
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OBSERVATIONS 


Since wake observations are generally presented in the literature as 
densities normalized to ambient we attempt to consistently do so as well. 
Cautions about how this normalization is done, however, are warranted under 
certain circumstances and these will be discussed as the data are presented. 

We first examine the roll maneuver data taken while the PDP was on the 

RMS as illustrated in Figure 1. These data are normalized to the value of 
density obtained when the PDP is in front of the orbiter. An important point 

to note is that after the first 360° orbiter roll, the PDP is rotated by the 

RMS as the orbiter revolves so as to maintain a constant geometric relation- 
ship between the probe, the body of the PDP and the velocity vector. 

Figures 4a and 4b plot the normalized density for two typical roll scans 
of the orbiter' s near wake. The X-axis has been converted to equivalent dis- 
tance in meters from the center of the wake. These data presented were taken 
on the relatively stable dayside mid— latitude ionosphere in order to prevent 
naturally occurring variations from obscuring the data. Data near the center 
of the wake are missing because of limits in instrument sensitivity. The 
slight offset of the center of the wake is due to the physical offset of the 
probe from the center of the spacecraft. 

Figure 5 illustrates a slightly longer segment of raw un-normalized data 
which center about the wake crossing of Figure 4b. This particular segment of 
data had the PDP fixed with respect to the orbiter instead of fixed with 
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respect to the velocity vector and as a result shows two smaller wakes which 
result from the RMS "wrist” grappled to the top of the PDP. Also illustrated 
are the effects of thruster firings which occurred during this time interval 
to initiate and stabilize the roll maneuver* (The thruster data had been 
cleaned from Figure 4b in order to more clearly present the orbiter wake 
data)* The significance of these smaller ”RMS wakes” and the thruster firings 
will be discussed in the last section. 

Also illustrated in Figure 5 are electron temperature measurements made 
at regular intervals during this time period. The rise in temperature as the 
probe enters the wake of either the RMS (small wakes) or the orbiter is evi- 
dent. Temperatures are not calculated near wake center where the density is 
too low to permit reliable calculations. In all, a total of nine wake cross- 
ings were observed but due to lower background densities near dusk and on the 
night side, the above two cases are the most meaningful to discuss. Figures 6 
and 7 present the wake observations from the free-f light segment. To obtain 
normalized densities for this experiment, we tried initially to compare wake 
data to those data which were taken either one orbit earlier or one orbit 
later (similar local time and latitude). In principal, this should help to 
remove the effects of the slowly varying background. 

This, however, is not possible with either the back-away data or wake 
transits 1 and 2 since they occur on consecutive orbits at the same local 
time. Various attempts at normalizing the data led us to the conclusion that 
the simplest and least misleading method would be to normalize to a constant 
density for the back-away data and to a linear extrapolation of the density on 
either side of the wake for transits 1 and 2. It was unfortunate that another 
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Instrument capable of continually monitoring the background density for com- 
parison was mounted on a pallet in the orbiter bay and in deep wake during all 
of these experiments . 

Figure 6a plots the observed electron and ion density depression during 
the back— away maneuver with a constant 10 /cm chosen as the reference densi- 
ty. In this case, the ion density is plotted only for times during spin-up of 
the PDP when the ion instrument is pointed in the ram direction ("+" symbols). 
Ion densities are calculated assuming a mass of 0 + . The dots are the electron 
density (small periodic depressions result when the boom— mounted probe passes 
through the wake of the spinning PDP). During the back-away the PDP and 
orbiter pass from a latitude of approximately -20 to +30 degrees in early 
afternoon local time. It should be noted that over the range of the data 
shown the RPA and LP data agree on density within ~ + 10%. Figure 6b shows 
the measured ionospheric electron density one orbit later and will be discuss- 
ed further in the next section. 

Figure 7a shows the observed density for Wake Transits (WT) 1, 2, 3 and 4 
in order of increasing distance. In the case of WT's 1 and 2 the density 
value used to compute the wake/amblent ratio is indicated by the dashed line 
in the figure which is a linear fit to density on either side of the wake. In 
the case of WT's 3 and 4 the dotted line used for normalization value is that 
of the ionophere one orbit later and earlier respectively. 

Figure 7b illustrates the same measurements for ion density with normali- 
zation values chosen identically to those in Figure 7a. 
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DISCUSSION 


Beginning with data taken while on the RMS during the roll maneuver, we 
find three relevant observations. 

1. At this distance downstream, which is < IRq, there is no evidence of 
any sharp transition in density or any rarefaction cone propagating away 
from the wake zone. The wake structure is smooth and if the data were 
extrapolated they indicate an approximate three order of magnitude deple- 
tion at wake center. 

2. By comparing Figures 4a and 4b one can observe an asymmetry of the 
wake in 4b. The only variable that changes appreciably between these two 
cases is the direction of the magnetic field. 

3* Temperature measurements made at the edges of the wake zone where 
density is still high enough to permit such analysis indicate a definite 
increase in this parameter. 

4. The changes in density associated with thruster activity indicate 
depletion in background density but show that there is evidently a con- 
taminant electron and ion population generated by the thruster. This 
thruster-generated plasma can raise density by > 1 order of 

tv 

magnitude over what is expected by extrapolating the curve to wake center 
(see Figure 5a). 

Laboratory investigations of the very near wake are non-existent for 
cases that scale both the Debye length, electron and ion gyroradil. 
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Most differences between distinct cases, (i.e. varying ratios of body 
size to Debye length, varying Mach number [Stone, 1981], or different ratios 
of Ti/T e [ Fournier and Pigache, 1975]) show fundamental differences only in 
the mid or far-wake zone. The only space experiment involving objects of this 
approximate scale size, within a factor of 2 to 5, were those conducted during 
the Gemini/Agena docking [Medved et al. , 1969]. However, no clear cross sec- 
tions of the near wake are available. 

Thus, there exists no other data sets for direct comparison. One can 
argue, however, that for Rq » Id (let's say 20 Xj) at a minimum) little 

difference in wake physics should exist between varying body sizes. A specific 
experiment which addressed the issue of the effects of body potential was con- 
ducted by Merlino and D'Angelo [1987]. They found in a laboratory experiment 
with an ion beam (energy ~ 17 eV) that appreciable changes in ion density 

could be observed at object biases of < — 4V at distances of 1.5 R<j 

downstream. For our observations at z < 1R 0 , the orbiter dielectric surface 
at a potential of - -0.7 volts, and the ram 0 + energy of 5 eV, we believe the 
effect of the body potential can only be a secondary one. This depends, of 
course, on the "thickness" of the body and the specific potential at all the 
given transit paths of ions but, on the average, the sheath electric field 
would not seem to dominate the effect of the space charge field present in the 
void behind the vehicle. For very large objects we assume, therefore, that 
reasonable estimates of density at a given value of z/R 0 and ratio of T±/T e 

can, to first order, be scaled by the Mach number. Only when we get to a 

regime where the body size becomes large compared to an ion gyroradius or the 
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body potential becomes "large” should other fundamental differences become 
apparent . 

In this case we may have an example of the effect of the magnetic field 
on the plasma dynamics of the near wake. Schmitt [1972] has investigated the 
effect of the magnetic field in a Q— machine. His experiment supports the fol- 
lowing conclusions: (1) If the magnetic field is perpendicular to V, ions 

will be free to move along the field and the wake fill process will be unaf- 
fected along an axis parallel to B. (2) If, however, the magnetic field is 
aligned with V it can inhibit the void-filling process once the object becomes 
large enough to alter the distribution function of ions flowing past it. This 
implies that the object must be ]> 2 in size. (3) Ion "bunching” occurs 
with a spaclal periodicity related to the ion gyro period. Bogashchenko et 
nl* [1971] have also observed periodicity in the far wake associated with a 
magnetic field where the object was on the order of an ion gyroradlus in dia- 
meter. 

Our experiment has met the condition that R 0 > 2 p^. Instead of being 
purely parallel or perpendicular to the field lines we have a case where the 
magnetic field has components both along and perpendicular to the velocity 
vector. This is a condition which would be extremely difficult to simulate in 
the laboratory. Table 1 indicates the different magnetic field geometries for 
the two cases depicted in Figure 4. 

Clearly the principal difference is related to the fact that the magnetic 
field in Case A is closer to being parallel to the velocity vector than in 
Case B. Also there is a much larger component of the magnetic field along the 
Y-axis in Case B. Although the RMS roll observations occur at a distance 
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which is too close to the orbiter to observe the Ion bunching, the asymmetry 
oberved in 4b may be a result of this magnetic field. 

Turning briefly to the electron temperature of Figure 5, we see that 
electrons appear "hotter” in the wake than in the "ambient" conditions sampled 
while the PDP was in front of the orbiter. The absolute error in determining 
temperature is approximately 50% so the enhancement is real (see Murphy et 
al., [1986] for a discussion of errors). This agrees with results reported by 
Murphy et al. [1986] for PDP observations of the orbiter wake during the OSS-1 
mission. In those initial results, data taken while the PDP was in the pay- 
load bay and the orbiter was executing a roll maneuver (an inertial roll in 
that case) showed enhancements in temperature by a factor of about four at the 
edges of the wake. RMS data taken on that flight were less conclusive, but 
indicated an increase of what appeared to be about a factor of two in T e . 

Here, in a more cleanly defined experiment, we have clear evidence of 
this temperature increase at a distance of Z * R 0 downstream. This data com- 
bined with results of others (Medved, 1969; Samir and Wrenn, 1972; and Samir 
and Fontheim, 1981) would seem to lead to the inevitable conclusion that in 
front of a spacecraft (in this case about 10 m in front) the typical iono- 
spheric values of .1 -.2 ev are encountered while the wake contains an elec- 
tron population which appears hotter in the sense of equivalent tempera-ture 
of a Maxwellian electron distribution. Studies of the RPA data in this time 
frame show no evidence of an increased ion temperature. 

The ion motion into the wake is controlled by (a) the potential of the 
body (for small body sizes); (b) the thermal motion of the ions; (c) the space 
charge electric field created by the electrons in the wake; (d) the magnetic 
field. An enhanced electron temperature may imply that a larger space charge 
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field may exist in the wake. This could mean that models which assume T e » T± 
(process f c f above dominates process , b l 2 3 ) may be a better approximation for 
ionospheric wake models than heretofore expected. It has yet to be explained, 
however, what process causes this electron heating. Several mechanisms have 
been discussed including: (1) the hot electrons result from a selection 

effect by the negative potential found in the wake; (2) energization by wave- 
particle interactions; (3) adiabatic compression of electrons as they enter 
the low potential region [Murphy et al., 1986]. None of these processes can 
be ruled out from these data. 

Last of all we note that electron density depletions associated with 
thruster firings are consistent with previous observations and with the postu- 
late that H 2 O acts to create a "plasma hole" which in this case is short lived 
because the orbiter moves rapidly out of the spacially small depletion area. 

Let us now discuss data from the free-flight segment presented in Figures 
6 and 7. The back-away data of Figure 6 pick up about where the RMS data 
leave off. As discussed in the previous section these data have been nor- 
malized to 1 x 10^ /cm^. In studying the data of Figure 6 several observations 
are relevant. 

(1) Both ion and electron data agree to within ~ 10%. 

(2) Although most data have a narrow scatter about a line, a large number 
of points appear below the line. These points correspond to the time 
when the Langmuir Probe is in the wake of the spinning PDP. Note that 
the period between these PDP wakes decreases as the spacecraft slowly 
comes up to speed while braking its momentum wheel. 

(3) There is a clear increase in density as the PDP moves away from the 


orbiter. 
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(4) Comparison between the two panels seem to Indicate that there Is con- 
siderable (spacial) variation in background ionospheric density. 

One of the most significant conclusions results when one compares the 
density right before release (slightly less than 10 /cm ) to that observed 
under similar plasma conditions during the roll maneuvers illustrated in Fig- 
ure 4. 

Let us examine the different geometric configurations for these two 
cases. Examining Table 1, we see that the data taken during the first roll 
maneuver and depicted in Figure 4a, have a similar magnetic field vector in 
the LVLH frame as the free-f light case. The PDP was held in a different atti- 
tude by the RMS for the data in Figure 4a than it was after release. The re- 
sult was that the position of the Langmuir Probe was slightly forward (+X in 
orbiter coordinates) and slightly closer to the cargo bay (smaller value of 
-Z). This difference was small, however, and resulted in a relative position 
shift of only a few feet. More significantly, the attitude for the two cases 
differed by 90° • During the RMS roll maneuver the orbiter +Z-axis was align- 
ed with the velocity vector (at wake center) and its X-axis was perpendicular 
to the orbit plane (Figure 1). When the PDP was released for free— flight the 
+Z-axis was aligned with the velocity vector but the orbiter X-axis was in the 
orbit plane (Figure 2) . The importance of this difference will be revealed 
below. 

How can we reconcile the deep wake observed during the roll maneuver (no 

2 3 

current detection at wake center Implies a density of < 10 /cm 3 ) with the 
- id* density observed while slightly closer to the orbiter right before 
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release? The answer requires going beyond the study of the ambient plasma 
wake to consider the effects of contaminant Ions. 

A number of authors have Investigated the contaminant Ion population in 
the vicinity of the orbiter. Hunton & Calo [1985] observe that at a particu- 
lar time early in the STS— 4 mission, ion species in the orbiter bay consisted 
of 36% ambient (T*", 13% H2O'*’ and 48% H3C*". Since two serial reactions are re- 
quired to produce the H30 + , the second being H20 + with the H2O cloud, this 
water cloud must indeed be quite extensive. Shawhan et al. [1984] indicate 
payload bay pressures in the 10” 5 Torr range near ram which would also be con- 
sistent with high outgassing rates. A detailed investigation by Pickett et 
al. [1985] of the effects of chemical releases in the ionosphere by the 
orbiter FES, thrusters, and outgassing attributes high energy ions, observa- 
tion of plasma turbulence, electrostatic waves, and DC E-field modification to 
a halo of H20 + pick-up ions that exist around the orbiter. 

To understand the wake measurements near the payload bay we must then 
look not only at the ion density but at its composition. Grebowsky et al. 
[1987] discuss the ion composition measurements made with a Bennett Ion Mass 
Spectrometer which was also a part of the PDP experiment. In a plot of ion 
composition, obtained once per spin cycle, they find the first ion peak de- 
tected after PDP release (at a distance of ~ 12-15 meters) to be H20 + , not 0~*~ . 
In fact 0 + does not become the dominant ion species until the PDP gets to a 
distance of > 25 m. Several explanations have been explored for the origin of 

these H20 + and even H30+ ions so near the orbiter, particularly in the wake. 
One possibility is that the water contaminant cloud is dense enough that the 
ean free path allows the creation of water ions within the first few meters 
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of the surface. This may be plausible but is unlikely even for non-wake ion 
measurements. For H20 + to exist in an 0 + wake, they must originate elsewhere 
because the 0 + is needed to create H2<) + . Grebowsky et al. [ 1987 ] observe these 
water ions to distances of several hundred meters even in front of the orbiter. 
Paterson f 19871 observes hot ions during the entire PDP free-flight period and 
verifies the ring distribution characteristic of such pick-up ions created in 
the 0 + /H20 charge exchange reaction. Paterson calculates an average outgassing 
rate of water to be ~ 10 22 molecules/sec, assuming known cross sections for the 
reaction and a spherically expanding cloud at 300K. This model is valid to 
distances of a few km where loss processes begin to affect the density and it 
predicts densities close to those observed by Grebowsky et al. [1987] at dis- 
tances of a few hundred meters. Caledonia et al. [1987] have modeled the chem- 
istry of this cloud and find that water densities of ~ 10 /cm are consistent 
with observed pressures in the 10 ^ Torr regime. They also indicate that using 
5ev rate constants for the charge exchange interaction is a valid assumption 
for pressures < 10" S Torr. The gas cloud will have charge exchange ions with 
a guiding center motion in the direction of SxS where E is the motional 
electric field, vxB, measured in the shuttle frame. These ions will thus 
appear in the orbiter' s reference frame, to be swept by in a direction perpen- 
dicular to that of the local magnetic field at velocity Vj^ * V Q Sin a where a 
is the angle between V 0 , the orbiter velocity, and the earth's magnetic field. 
The motion of this contaminant cloud has recently been investigated and modeled 
by Eccles et al., [1988]. This results in a source of H 20 + ions which, when ob- 
served from the orbiter wake, will appear to approach at an angle 90-a with re- 
spect to V 0 • The ambient 0 + ions approach along V Q . This is consistent with 
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the Grebowsky et al. [1987] observations which indicated peaks in H 20 + occur- 
ring at angles as great as 77° to that of 0 + . It is important to note that 
these observations reported by Grebowsky et al. were made at the same time as 
the data shown in Figure 6a. 

Several conclusions are possible with the aid of Table 1, Grebowsky' s 
observations, and the fact that the attitude of the orbiter with respect to the 
velocity vector (and magnetic field) was different for the two cases. The ions 
observed during the release of the PDP: (a) are contaminant ions; (b) are two 
orders of magnitude greater in density than the ambient 0 + in the near wake; 
(c) come from a direction, in the shuttle stationary frame, that is perpendic- 
ular to a field line. By studying the detailed B-field and orbiter attitude 
geometry we find that during the roll experiment the body, bay-doors and 
especially the wings of the orbiter shadowed the contaminant population in the 
deep wake. The magnetic field geometry after release did not allow the body to 
block the contaminant ions. 

This points again to the necessity of careful evaluation of all these data 
and caution when comparisons are made with laboratory and other satellite data. 
It is possible that some of the asymmetry associated with data from Figure 4b 
may be due to the influence of this contaminant ion population. Note that this 
could also be called a magnetic field effect since the direction of motion of 
the contaminants is controlled by the magnetic field. 

Last of all we examine the free-f light portion of data where WT's 1 
through 4 occur. Table 2 summarizes the peak electron and ion density depres- 
sions normalized to the appropriately chosen background as shown in Figures 6 
and 7. The Table is ordered with increasing wake distance. Note the relation- 
ship between the distance downstream and normalized density. The depth of the 
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wake and its width decrease as one moves to larger values of normalized Mach 
distance X' - X/SRg. There is one inconsistent observation. For some reason 
WT 4 is not as pronounced as WT 2, which is actually further away. Looking 
for sources of error in this observation we find 1) error in determination of 
normalization value (~ ±10 %); 2) an error in relative position (±5 m); 3) an 
error in determining absolute values of T e for normalization of Mach distance 
(±500 K). These errors result in a total RMS error in observed normalized 

density as a function of mach distance of ~ 20% which is just enough to 
account for the observed inconsistency. It is useful, however, to examine 
real physical effects which could produce a wake which does not result in a 
monotonic increase in density behind an object. No ion species data is avail- 
able at this time, so contaminant ions may not be totally ruled out. As dis- 
cussed before, these contaminants are time variable and can be significant 
contributions. Grebowsky et al. (1987] show these contaminant species are, 
however, generally < 10% of ambient making it probable that they would only 
be a direct factor in the near wake density where depletions are greater than 
an order of magnitude (e.g. WT 3). Although the contaminants may not contri- 
bute significantly to the ion densities observed in the far wake they could 
affect this wake indirectly since they can alter the electric field of the 
near wake which affects the "rate of fill". 

We postulate that the magnetic field may play a roll in the wake fill 
process and have tabulated the values of B x , By and B z in the LVLH frame in 
Table 2. One possible effect as presented during the discussion of asymme- 
tries in the RMS roll data may be that for objects whose characteristic size 
projected into a plane perpendicular to the magnetic field is greater than ~ 2 
ion gyroradii, the field will inhibit the wake fill process to some degree. 
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This may in effect skew the wake "off center” making simple cross sectional 
cuts presented in these WT data somewhat misleading. Schmitt [1972] and 
Bogashchenko et al. [1971] data would also suggest that some ion bunching may 
be observed. We note in Table 2 however, that both WT f s 3 and 4 satisfy this 
condition that r > 2 We therefore conclude that although magnetic field 

effects are possible at these ”mid-wake” distances, no strong evidence is 
available from this relatively limited data set. 

A third possibility is that ion deflection due to body potential, as in- 
vestigated by Merlino et al. [1987], may play a role at distances of 
~ 100 meters behind the orbiter. Although this deflection has been observed 
in the laboratory the orbiter potential should be virtually the same for these 
two cases. 

A more thorough investigation of all of these effects and a more complete 
characterization of the orbiter wake will simply require a larger data base 
that is not restricted to two-dimensional crossings. Accurate, concurrent 
measurements of ambient density, ion species, and neutral density would also 
improve the accuracy in determining the normalized density. It is hoped that 
on future missions such experiments may improve our observational data base so 
that further advances in our theoretical understanding will be possible. 
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FIGURE CAPTIONS 

Figure I. The RMS roll maneuver is illustrated here. The position of the PDP 
with respect to the orbiter is fixed, but is rotated about an axis paral- 
lel to the orbiter 1 s X-axis to maintain constant orientation to the 
velocity vector. The orbiter 1 s X-axis is perpendicular to the orbit 

plane. The width of the near wake along this axis is ~ 10 m correspond- 

3 

ing to a body size of approximately 10 Xj). 

Figure 2. The RMS arm releases the PDP approximately 5 m above the payload 

bay. The orbiter then separates from the PDP along the velocity vector 

at approximately .1 m/sec. The reference system used places x along the 
velocity vector, y perpendicular to the orbit plane (southward) and z 
positive toward earth’s center. 

Figure 3a. The entire 6 hours of PDP free-f light is reconstructed in this 
figure. The PDP is at the center of this coordinate system and the times 
of interest for this study occur when the orbiter passes through the 
shaded region. While in this region, characteristics of the orbiter 1 s 
wake can be measured by the PDP. Note that unlike laboratory experi- 
ments, the probe (PDP) is held stationary and the object (orbiter) is 
moved • 

Figure 3b. The "wake transits" are enlarged and labeled 1 through 4 for fu- 
ture reference. Note the range varies from ~ 50 m to ~ 250 m. 
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Figure 4. Electron density, for the first two wakes encountered during the 
RMS roll maneuver, are normalized to the ambient density obtained in 
front of the vehicle. 

Figure 5. Unnormalized roll data show the effect of thruster operations and 
the smaller wakes associated with the RMS in 5a. In Figure 5b the tem- 
perature ehancement typical of the wake boundary region is indicated. 

Figure 6. Ion and electron data during the back-away are plotted normalized 

fi 3 

to n e • 1 x 10 cm . Beyond t » 25 background density varies consider- 
ably as is illustrated in Figure 4b which are data for one orbit later at 
approximately the same station-keeping position. 

Figure 7a. The smoothed values of ion and/or electron data for each wake 
transit are shown in the four panels. The decimal value indicated by the 
arrow is the fractional density at wake center. WT #3 has the ion data 
from Figure 7b superimposed to show the similarity in results. 

Figure 7b. Only ion data is shown for the same time intervals of Figure 7a. 
Agreement with electron data is typically better than 10%. Accurate 
density is obtained once per spin cycle of the PDP. The spin modulation 


is evident in the data. 
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TABLE 1 



Magnetic field 

geometry 

for Figure 4 

(LVLH Coordinates) 



* 

B y 

®z 

** 

0 

*** 

a 

Figure 4a 

.234 

-.140 

.091 

-30.8 

71.5 

35.5° 

Figure 4b 

.188 

-.131 

.242 

-35.0 

43.5 

55.7° 

Free Flight 
(back-away) 

.259 

-.146 

-.068 

-30 

77 

32° 


conventional spherical coordinate 
system. 

velocity vector. 


B is in Gauss. 

Theta and Phi are defined in the 
sense from the right-handed XYZ 
a is the angle between B and the 
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ABSTRACT 


Measurements of the ion and electron densities associated with the wake 
of the shuttle orbiter were made by the Plasma Diagnostics Package (PDP) 
during the 1985 Spacelab 2 mission. Cross sections of the wake at distances 
of 50-200 meters downstream and measurements along the wake axis from 5 m to 
100 m were obtained. The POLAR wake model, developed for The Air Force 
Geophysics Laboratory to study charging of spacecraft in low altitude high 
Inclination orbits, was used to perform a 3— dimensional simulation of the 
plasma wake evaluated at points along the PDP's relative trajectory. The 
POLAR code uses several simplifying assumptions to predict wake densities. 
These include neglecting the magnetic field, assuming the plasma is 
quasi-neutral, and modeling the plasma density behind the expansion front 
by using the self-similar solution of the expansion of a plasma into a vacuum. 
This approach is computationally very efficient. The results presented here 
are the first known comparison between such a model and actual in— situ data 
obtained for objects of scale size - 10 4 Xj- Excellent qualitative and 
quantitative agreement are found at distances greater than — 30 m indicating 
that, at least to first order, the model's approximations are justified. An 
intriguing disparity between the model and data suggest that the orbiter's 
near wake may be filled predominantly by a pick-up ion population created from 
neutral contaminants and that these would have to be included if accurate wake 


models of large gas-emitting objects are required- 
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INTRODUCTION 

In this paper we discuss measurements made by the Plasma Diagnostics 
Package (PDP) during Spacelab 2, which are presented in the accompanying 
paper, and compare those results with predictions from AFGL's POLAR wake code 
which uses a complex geometric model of the orbiter and the self-similar 
solution of the expansion of a plasma into a vacuum as its model basis* 
Previous reports [Katz et al. 1985] have compared the predictions of POLAR to 
observations of Ti = Te plasmas in the laboratory. In this paper we apply the 
same model to the wake in a space plasma environment. 

Caution should be exercised in extending conclusions about the accuracy 
of the POLAR model to conclusions regarding verification fo the underlining 
physical processes it contains. Several other investigations have studied the 
applicability of the self-similar mathematics [Samir et al. 1983, Santwana et 
al. 1986, Gurevich et al. 1969] to wakes. It is our purpose only to determine 
if POLAR provides a reasonable model for the wakes of 'large' objects in the 
ionosphere as it has for Ti * Te plasmas in the laboratory. 

We describe briefly the POLAR model and review the physics it contains, 
compare the data with the model, and then discuss the range of validity of the 


code. 
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THE POLAR CODE 

To develop a code that can adequately describe the plasma wake behind a 
large object, particularly one of complex geometry, careful consideration of 
assumptions and approximations are required as are simplifications allowing 
for computational efficiency. The POLAR code has evolved with such considera- 
tions in mind. A detailed description of the POLAR wake model is given by Katz 
et al. [ 1985] and it is the purpose here only to review the basic physics and 
processes in POLAR so the reader may have some insight into the validity of 
the code. 

The model of the wake structure used by POLAR depends on the position 
relative to the so-called ion front. This ion front marks the boundary where 
electron density begins to change on a scale commensurate with the Debye 
length and the ion density takes a sudden and dramatic drop. Several authors 
discussed the relationship between the wake fill process and the theoretical 
problem of the expansion of a plasma into a vacuum. In particular, problems 
applicable to ionospheric conditions have been treated by Gurevich et al. 
r 19661 , Gurevich and Pitaevsky r 1975 1 and Singh and Shunk f 19821 to name a 
few. 

The solution to the Vlasov-Poisson equation system is in general quite 
difficult to obtain but for the expansion of a plasma into the void it can be 
solved explicitly [Gurevich et al., 1969] . Ahead of the ion front the plasma 
is treated as rarefied; its motion is controlled by the thermal spread in ion 
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velocities. Behind the front the motion is controlled by the electron temper- 
ature and ion mass. Figure 1 illustrates these regimes and defines the coor- 
dinate system used. 

The governing equations in this region ahead of the front, considering 
that electrons are more mobile than ions and that they maintain equilibrium 
with a local potential, are: 


The Boltzman relation; 


continuity; 


equation of motion; 


n g - n Q exp (e $/kT e ) 


Sn^ + 3 (tijv) » 0 

3t 3z 


3v + v3v ■ -e 3$ 
3t 3z “H ITz 


Poissons equation; 


3^<b2 ■ 4ire(n e ~ n ^ 


( 1 ) 

( 2 ) 

(3) 

(4) 


where n 0 * ambient density 
nj ■ ion density 
n e ” electron density 
T e ■ electron temperature 
e ■ electron charge 
<t» - local potential 

k ■ Boltzman' s constant 

Z is a variable representing distance parallel to the front velocity or in 
this case perpendicular to the orbital velocity. 
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Crow et al. f 19751 have numerically solved Che above equations to predict 
the position of the ion front. Katz et al. r 1985 1 developed an analytical 
fit to the Crow results: 

Zp(t) - 2X(j { (ait + 1 ) In (1 + a u» t) - ait (5) 

a 

- (1 - .429 ) (ait - __1_ In (1 + aait) } 

a a 

1/2 1/2 

where ai ■ (4im ft e 2 ) , X<j ■ (kT„) 

M 4irn 0 e z 

are the ion plasma frequency and Debye length, a is a free parameter deter- 
mined to be ~ 1.6. 

Katz et al. [ 19851 showed that this formula agrees well with laboratory 
data from Wright et al. [ 19851 and incorporated it in POLAR. Ahead of this 
front Zp , the plasma is assumed to expand due to thermal motion, the so-called 
"neutral approximation” . Behind Zp the plasma evolves into a state which is 
self-similar f Chan et al., 19841. The self-similar solution of equations 1-4 
for z > - S 0 t is 

z + S t 

n - n Q exp { - ( — g - -■■) > (6) 

o 

, 1 /2 

where S q * (kT e /M) is the ion acoustic speed. 

We take the time variable to be spacially defined as: 



where x is the distance behind the object (perpendicular to z) and V Q is 
the orbital velocity. We define the self-similar variable 5 as 5 * z . 


Thus the self-similar solution essentially states that between the region 
bounded in positive z by the front, Zp, and in negative z by the line 
z - — S 0 t the density rises exponentially to be equal to the ambient value 
along z * -S 0 t which is an intuitively reasonable result. 

In summary, the wake routines in POLAR employ two limiting cases. 

1) Ahead of the ion front the electric field is negligible and the motion of 
ions is identical to neutrals. 2) Behind the ion front, whose position 
is determined by equation 5, the quasi-neutral self-similar solution of 
equation 6 is implemented. 

POLAR has routines which model accurately the geometry of the object and 
the "neutral ion" trajectories are calculated from: 

f ± (x,v) - g(x,n) f io (V) (9) 

^where (v) is the unperturbed distribution function for a drifting 
Maxwellian; 

g(x,P) has value "0” if a ray starting from x and going in the direction 
P would strike the vehicle and "1" if it would not. 

The local density is given by: 

nj (x) - f f t (x, v) ■ f g(x,P) (ff l0 (v,fl) v 2 dv > dp (10) 

This initial density calculated in three dimensions for neutral particles 
is compared with density calculated assuming the complex geometric object is 
replaced by a flat plate at a position where the dominant source appears at 
the object edge. This ratio provides a "geometric correction factor" which is 
applied to the quasi-neutral one dimensional solution discussed above for 
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positions behind Zp. In this way POLAR can calculate quite rapidly an approx- 
imate value for the ion and electron densities in the wakes of complex ob- 
jects. 

Note that the assumptions behind the front are 1) the electron tempera- 
ture and ion mass govern the equation of motion, 2) the plasma is quasi- 
neutral, 3) the magnetic field does not affect the ion or electron motion, 

4) equation 5 serves as a good approximation for determining the boundary of 
the ion front and 5) the geometric correction factor calculated in detail 
with the 3-D neutral model can be approximately applied to correct the plasma 
densities as well. Therefore, the algorithm can address complex geometries 
but takes advantage of the smooth wake structure characteristic of 
ionospheric plasmas where T^/T e * 1. 
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COMPARISON OF RESULTS 

Figure 2 is a plot of the normalized density as a function of time pre- 
dicted by POLAR for the PDP/orbiter relative trajectory. The density ratio 
N wake^ N ambient var ies from approximately .9 for Wake Transit (WT) #1 which is 
at a distance of 245 meters to .2 for the closest WT//3 at 45 meters. 

One must be careful when comparing the model to the data since the model 
assumes a fixed background density of 10 5 /cm 3 whereas the actual ionospheric 
density can and does vary considerably. The background density chosen for the 
model is typical of that observed in the dayslde ionosphere. The assumed 
model temperature is also constant 2500 K. The observed temperature varies 
plus or minus ~ 252 from this assumed value during times of interest. The 
wake transits were all planned to occur in the relatively stable dayslde 
ionosphere and over the time span of a given wake transit the background 
density is believed to be stable to ± 102 [Murphy et al., 1988]. In the 
following discussion we will always compare the observed density ratio during 
a wake transit to the percentage change predicted by the model. 

Figure 3a plots the observed electron and ion density depression during 
the back-away maneuver with a constant 10®/cm 3 as the reference density 
[Murphy et al., 1987]. The dots are the electron density (small periodic 
depressions result when the boom mounted probe passes through the wake of the 
spinning PDP). The '+* symbols are the ion density obtained once per spin 
cycle. During the back-away the PDP and orbiter pass from a latitude of 
approximately -20 to +30 degrees in early afternoon local time. Figure 3a 

c-3 
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also shows the predicted normalized density calculated by the POLAR model 
described above. As can be seen, good agreement exists at distances from 
than ~ 30 meters to ~ 75 meters. It should also be noted that, over the range 
of the data shown, the RPA and LP data agree on density within ~ + 10%. 

As discussed in Murphy et al. [1987], we cannot easily normalize to 
either the previous or following orbit so we use a constant value of 10 6 /cm 3 
for N am bient* 11113 v a!ue appears to be the peak density observed after the 
PDP has left the wake approximately l h 40® later. Over the relatively long 
period of this maneuver the ionosphere has surely changed by more than 10% and 
this may explain the disparity after t * 20 minutes since the PDP to orbiter 
distance is changing relatively little. Figure 3b is a plot of the predicted 
density calculated by the IRI ionosphere model and the measured density one 
orbit later (same local time and latitude). Note that the gradual variations 
observed are consistent with the general trend predicted by the model. 

Let us turn now to the wake transit observations . Table 1 lists the 
wake transits and compares the predicted and observed depletions as well as 
conditions at the time of the center of the wake. Note that in this entire 
range of 50 m to 250 m the calculations and observations agree to ~ 10%. 

Since the orbiter has a complex geometry, the details of the wake 
structure at a distance of 43 m (WT#3) downstream may be affected. Figure 4 
plots a detail of that wake transit and the POLAR model as a function of time. 
The data are normalized to a constant value since it is clear some variation 
in background density occurs but it is not clear exactly what that variation 
is. To normalize to any unknown value other than a constant would introduce 
artificial variation and skew the results. The companion paper discusses this 
issue in detail and in that case, WT#3 .is normalized by the data from the 
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prior orbit. However, the companion paper is attempting no comparison to a 
model. During this wake transit the background is believed to vary by as much 
as 10% [Murphy et al. 1988] so the model cannot be tested to accuracy greater 
than that . 


DISCUSSION 


In examining the back-away density profile we find three relevant 
observations from Figure 3. 

1. Close to the orbiter (< 30 m) the model underestimates the observed 
density by one to two orders of magnitude. 

2. In the range 30-75 m the model predicts quite accurately the 
gradual increase in density until the time t S 20 in Figure 3. 

3. After t 2 20 minutes, the observed density seems to have a variation 
which is not believed to be wake related. These density changes result 
from ionospheric variability as the spacecraft approaches the dawn-dusk 
meridian plane and are predicted by empirical models such as IRI. 

Considering the first observation: recall that the assumptions incorpo- 

rated within the POLAR wake model require a quasi-neutral plasma, assume a 
self-similar solution, and neglect magnetic fields. Considering that the 
electron and ion densities observed even at the beginning of the release and 
back-away period agree within 10%, it would seem that quasi-neutrality would 
be valid. It has been shown by Chan et al. f 19841 that after a few ion plasma 
periods (~ .1 msec in this case) the plasma expansion becomes self-similar. 

For the case of the shuttle orbiter this takes place within the first ~ 1 
meter of the wake. The magnetic field, if it is to be considered for this 
case, would always act to limit plasma flow rather than enhance it. 

Therefore, it too can be eliminated from serving as an explanation for the 
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poor fit at less than 30 meters. The answer to the disparity between model and 
observation would seem to lie in the role played by contaminant ions. The 
companion paper Murphy et al. [1987] discusses these ions and offers their 
presence as an explanation for the disparity between these data and that taken 
at similar distances while on the RMS. 

Let us turn now to the 30 m to 75 m distance regime. The most dominant 
characteristic of both the data and model are the relatively smooth increase in 
density as the PDP moves axially along the orbiter wake. 

This midwake region has been studied extensively in the laboratory and the 
wake-fill process depends strongly on the body size, body potential, and ratio 
of ambient ion to electron temperature. Wright et al. [1985], Fournier and 
Pigache [1975], Hester and Sonin [1970] and many others have performed 


#- aboratory experiments and observed fine structure in wakes including ion 
density peaks along the wake axis and wave-like condensation disturbances. 

It is important, however, to note that for the case of large bodies in Low 
Earth Orbit (LEO): 1) the body potential is not too different from the plasma 

potential (a few kT e at most); 2) the plasma is cold and collisionless; and 3) 
the ambient ion and electron temperatures are close to being equal. 

An excellent review of laboratory work before 1975 is given by Fournier 
and Pigache [ 1975] . Another excellent review of the subject of ion accelera- 
tion into the wake is given by Samir et al. [1984]. In these cases the authors 
agree with the basic finding of Gurevich and Pitaevskii [1969] that the fine 
structure and ion peaks observed in certain laboratory investigations 
vanishes as T-t approaches T e . We see in this case that in spite of (or perhaps 
^^^because of) the effect of contaminant ions we have a large-scale wake which is 
^^basically devoid of any fine structure at least in the sense of total electron 


or ion density. It should be emphatically noted, however, that this does not 
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imply we know all there is to know about the wake structure. The overall 
plasma density is only the zeroth order parameter. Ion and electron 
composition [Grebowsky et al., 1987], vector measurements of ion velocities 
[Stone et al., 1983] electron temperature [Murphy et al., 1986; Raitt et al., 
19841, wave disturbances [Shawhan et al., 19841, plasma turbulence [Raitt et 
al., 19841 all play roles in understanding the total physics of the wake 
structure for such a complex, gas-emitting, large object. 

As discussed above, the structural differences between predictions and 
observations after t » 20 minutes in Figure 3a are attributed to natural 
ionospheric variation (not modeled by POLAR) . Figure 3b illustrates the 
density profile one orbit after the back-away maneuver and shows this similar 
structure. 

Finally, let us compare the model predictions to observations for WT#1 
through 4. The agreement is quite remarkable and affirms that the "well- 
behaved" wake structures associated with T^/T e ~ 1 plasmas can be adequately 
modeled by the physics contained in the POLAR model. There is only one 
significant difference between model and data. WT#2 which occurs at ~ 125 m 
seems to be considerably deeper than WT#4 which occurs at a little more than 
100 meters. Murphy et al. [1988] discuss this extensively in the companion 
paper and we do not believe that, considering approximations made by the model, 
and errors made in normalization, we could expect any better agreement. If the 
magnetic field and contaminant ions do play some role it is clear from both the 
model and the data that it must be a secondary one. 

Studying the detail of the wake transit #3 observations and POLAR'S 
predicted profile we also find good agreement. This is significant because at 
43 m (Z 1 Rq) downstream the details of the orbiter geometry and its effect on 

the wake can not yet be "washed out". The good agreement seems to imply 
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thaC Che geometric model assumptions are valid and It Is permissible 

to use the geometric correction factor calculated from the neutral flow model, 

at least to first order. 

Note that the center of the predicted wake seems to be offset slightly 
from that observed and that the predicted density gradient seems slightly 
greater than observed. Murphy et al., [1988] In the companion paper discusses 
the accuracy with which the trajectory reconstruction takes place. This 
offset error is consistent with that level of precision. 

The difference In density gradients may be due to a slightly different 
plasma temperature than that modeled or may be consistent with the role played 
by contaminant ions in the neutralization of the space charge electric field. 

Electric Field data is difficult to discern from the PDP because of 
interference from another instrument, but Steinberg [1988] has examined data 
from the time period of WT#3 and finds an electric field which changes sign at 
the wake center. This field is within a factor of two of that expected from a 
self similar expansion. No attempt has been made to compare the predicted 
field computed by POLAR to the actual data since error bars on the data are 
rather large. The authors may examine this as well as the RMS data in more 
detail in a future paper. The RMS roll data may be more useful for comparison 
since those data are taken at < 1 Rq where the density depletion and electric 


fields are greater. 
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CONCLUSIONS 

Comparisons of the PDP ion and electron densities to those predicted by 
the POLAR code verify that for ionospheric plasma conditions (T^ * T e ) the 
orbiter wake is relatively smooth in its structure to distances - 10 body 
radii downstream and that POLAR predicts this wake with an accuracy of about 
~ 10-20%. For large and complex systems such as the orbiter, outgassed 
products may play a significant role in the structure of its wake at distances 
less than the characteristic body dimension. Adequate modeling in this regime 
requires input that details the outgassed species and rates, chemistry 
describing their interaction with the Ionosphere, and inclusion of magnetic 
field to account for the pick-up ion population In the wake. 

At mid wake distances the magnetic field effects if any, would appear to 
be secondary to the dominate role of the electric field and thermal motion 
already modeled by POLAR in the wake fill process. However, for slightly 
larger objects or high inclination orbits the magnetic field may have to be 
considered if accurate results are required. In addition, the fundamental 
scientific questions associated with large body wakes will eventually require 
its inclusion. 

For comparisons between in-situ observations and models such as POLAR to 
be meaningful at levels better than a few 10' s of percent, more than simple 
axial or planar profiles of density are needed. The future experiments will 
also require good background measurements and Inclusion of vector ion 
velocity, electric field, and particle distribution functions. 
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TABLE 1 


Wake if 

Latitude 

(degrees) 

T e 

Kelvin 

Distance 

(meters) 

POLAR 

Normalized 

Density 

Observed 

Normalized 

Density 

1 

-35 

2500 

242 

.9 

.80 

2 

-45 

3000 

125 

.75 

.61 

3 

+10 

1500 

45 

.20 

.18 

4 

+35 

2000 

105 

.65 

.90 



i 
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Figure 1. The POLAR wake code distinguishes three regions of interest. The 
ambient plasma, region of self similar model, and neutral approximation spaces 
are bounded by the Mach cone Z * -S 0 t and ion front respectively. The coor- 
dinate system used is consistent with equations 1 through 7. 

Figure 2. Using relative positions illustrated in Figure 2, POLAR calculates 
the density as a function of time for the entire free-f light time period. 

Areas of interest are labeled in the figure. The assumed normalization values 
for the plasma are n e * 1 x 10 5 cm" 3 and T e * 2500 K. 

Figure 3. Ion and electron data during the back-away are plotted in 4a nor- 
malized to n e ■ 1 x 10 6 cm" 3 • Note the relatively good agreement between 
model and data beyond 30 meters. Beyond t * 20 background density varies con- 
siderably as is illustrated in Figure 4b which are data for one orbit later at 
approximately the same stationkeeping position and a predicted density for 
this orbit from the IRI ionosphere model. 

Figure 4. Detail of data from WT#3 is compared to POLAR predictions. Data 
are normalized to a constant. Since there may be variation in background of 
^ 10%, differences of that order between data and model are not significant. 
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Exposed High-Voltage Source Effect 
on the Potential of an Ionospheric Satellite 


A. C. Tribble,* N. D’Angelo, t G. B. Murphy , X J. S. Pickett,? and J. T. Steinbergl 
University of Iowa , Iowa City , Iowa 


A pulsed, high-voltage source, which is able to draw a current from the surrounding plasma, is seen to induce 
large changes in the potential of an ionospheric satellite (the Iowa Plasma Diagnostics Package flown on Space 
Shuttle flight STS-51F). This, in turn, may affect the operation of other instruments that use the chassis of the 
satellite as a ground for electrical circuits. The magnitude of the change in satellite potential is dependent upon 
both the orientation of the high-voltage source, relative to the plasma flow, and the characteristics of the 
high-voltage source. When the satellite is grounded to the Shuttle Orbiter, this effect is sufficient to change the 
potential of the Orbiter by a small, but noticeable, amount. 


Nomenclature 

A e = surface area of the PDP that will collect electrons 

A % = surface area of the PDP that will collect ions 

e - charge of the electron 

A * height of the main body of the PDP 

A ' * height of the “top cap” of the PDP 

I*, iu * electron current collected by all of the PDP’s 
instruments 

I 9t p, * electron current collected by the Langmuir probe 

I, LEP * electron current collected by the LEPEDEA 

It, k * electron current collected by the PDP chassis 

/, , iM * ion current collected by all of the PDP’s instruments 

/ ( K * ion current collected by the PDP chasis 

k * Boltzmann’s constant 

m e * mass of the electron 

n r * electron density 

/i, * ion density 

r ~ radius of the main body of the PDP 

r ' - radius of the “top cap’’ of the PDP 

T t - electron temperature 

v 0 = orbital velocity of the PDP 


Introduction 

A SPACECRAFT traveling in the Earth’s ionosphere has 
no external electrical ground available for it to use as a 
reference for potential measurements. As a consequence, such 
spacecraft are susceptible to different types of charging 
phenomena that may alter the potential of the spacecraft 
chassis. 1 * 2 From July 29 to August 6, 1985, a satellite designed 
and built by the University of Iowa’s Department of Physics 
and Astronomy, the Plasma Diagnostics Package (PDP), was 
flown as part of the Spacelab 2 payload on Space Shuttle flight 
STS-51F at an altitude of 325 km. The PDP is a cylindrical 
spacecraft 106.68 cm (42 in.) in diameter and 66.04 cm (26 in.) 
in height composed of 14 different instruments designed to 
study the plasma and electromagnetic environment near the 
Shuttle Orbiter. A diagram is shown in Fig. 1. 
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The PDP skins are constructed of aluminum and are 
covered by multilayered insulation (MLI) blankets followed 
by an outer dielectric layer of beta cloth (teflon-coated 
fiberglass) overlaid with a conducting aluminum wire mesh 
electrically grounded to the chassis of the PDP via bolts and 
staples through the MLI. The MLI consists of a singly 
aluminized kapton layer on the outside (aluminum sides facing 
inward) and 10 layers of doubly aluminized mylar separated 
by dacron net on the inside with grounding straps used to 
electrically bond the MLI to the structure. 

During the Spacelab 2 mission, the PDP made measure- 
ments from the payload bay, from the Remote Manipulator 


PDP BOOMS DEPLOYED CONFIGURATION 



TOP VIEW 



Fig. 1 Diagram of the PDP with booms deployed. Relevant dis- 
tances are indicated in inches. 
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System (RMS), and for a period of 6 h as a free-flying 
subsatellite. This paper will show how some of the measure- 
ments made with a Langmuir probe and a dc Electric Fields 
instrument (utilizing the E-field spheres) on the PDP were 
affected by a pulsed, high-voltage source (LEPEDEA). 

Instrumentation 

A Langmuir probe on the PDP was used to make 
measurements of electron temperature, electron density, 
fluctuations in the electron density, and plasma potential. The 
Langmuir probe consisted of a 3-cm-diam spherical, gold- 
plated sensor and supporting circuitry. This circuitry was 
designed to alternate between two modes, which we refer to as 
the sweep mode and the lock mode. 

During the sweep mode the bias voltage of the Langmuir 
probe was swept from 10 to - 5 V, relative to the chassis of the 
PDP, in discrete steps of 0.125 V at a rate of 120 steps/s. A 
graph of the log of the current collected by the Langmuir 
probe during this time as a function of the bias voltage is 
typically referred to as a Langmuir curve. As shown, for 
example, by Huddlestone and Leonard, 3 a Langmuir curve 
allows us to calculate the electron density, electron tempera- 
ture, and plasma potential. An example of a typical Langmuir 
curve is shown in Fig. 2a. In Fig. 2a and in all subsequent 
figures, the times given are in Universal Time (UT). 

Following the sweep mode, the bias voltage on the 
Langmuir probe returned to 10 V where it remained for 1 1 .8 s. 
During this time, the data collected by the probe, which were 
again sampled at a rate of 120 steps/s, allow us to measure 
electron density fluctuations. An example of the lock mode 
data, sampled'through a 6-40-Hz filter, is shown in Fig. 2b. A 
Langmuir probe similar to the one used on the Spacelab 2 
mission is discussed in more detail by Murphy et al. 4 

The dc Electric Fields instrument on the PDP consisted of 
two spherical unbiased high-impedance probes and associated 
electronics. The two sensors are visible in Fig. 1 and are 
labeled E-field spheres. In this paper, we are concerned with 
only one type of dc measurement that was made. The average 
of the dc potentials of the two spheres, V a and V b relative to 
the chassis of the PDP, (K ff + V b )/2 , was measured once every 
1 .6 s. It is important to note that the measurements made by 
the Langmuir probe and the dc Electric Fields instrument 
complement each other in that the Langmuir probe was a 
low-impedance sensor that measured current at a controlled 
bias level and the dc Electric Fields instrument utilized 
high- impedance floating probes that measured the potential at 
near-zero current. 

The last instrument that will be discussed in this paper is the 
Low Energy Proton Electron Differential Energy Analyzer 
(LEPEDEA). As can be seen in Fig. 1, the LEPEDEA was 
mounted on the circumference of the PDP. It has two particle 
collectors open to the ionosphere, one designed to detect 
electrons and the other, ions. The two openings are separated 
by a curved plate to which a pulsed high-voltage is applied. 
The combined cross-sectional area of the openings to the 
electron and ion detectors is 6.69 cm* (1.04 in. 2 ). The 
high-voltage plate is 5.26 cm (2.07 in.) wide and extends into 
the LEPEDEA for a distance of 9.83 cm (3.87 in.). At time 
/ * 0, the bias voltage on the LEPEDEA plate switched from 
0 to 2.2 kV, relative to the chassis of the PDP, where it 
remained for 0.2 s. During the following 1.4 s, the bias voltage 
then decayed exponentially with a 1/e time of 0. 16 s, the entire 
cycle requiring 1.6 s. The operation of the LEPEDEA is 
discussed in more detail by Frank et al. 5 

Anomalous Results 

During the 6 h of free flight, an anomaly was detected in 
both the sweep and lock mode data collected by the Langmuir 
probe. An example is shown in Fig. 3. Figure 3a indicates that 
the normal Langmuir curve is interrupted by a “bite out** in 
the current collection. This bite out always maximizes 
approximately 0.2 s after the start of the voltage sweep. 


TYPICAL LANGMUIR CURVE 



typical lock mooe oata 


b) 




a 9 10 II 12 >3 

TIME, IN SEC0N0S, STARTING DAY 2l3. Oh 30:08 


Fig. 2 Examples of: a) a typical Langmuir curve and; b) typical 
lock mode data. 


ANOMALOUS LANGMUIR CURVE 



anomalous uock mooe oata 



Fig. 3 Examples of: a) an anomalous Langmuir carve and; 
b) anomalous lock mode data. 
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VECTOR 



Fig. 4 Definition of the Langmuir probe phase ingle. The PDP is 
rotating counterclockwise in the plane of the paper. 


Further examination of a series of Langmuir curves indicates 
that the magnitude of the anomaly is dependent upon the 
orientation of the PDP, which was spinning about its 
cylindrical axis with an inertial period of 13.06 s. This 
orientation is defined by a phase angle, which is the angle 
between the velocity vector of the PDP and the vector that 
points from the center of the PDP to the Langmuir probe. 
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Fig. 4. In this figure, the PDP is rotating counterclockwise in 
the plane of the paper. The Langmuir probe entered the sweep 
mode every 12.8 s. Consequently, if the PDP started a voltage 
sweep when the phase angle was - 180 deg, the next sweep 
would have begun when the phase angle was - 172.9 deg. The 
difference in phase angles occurs because the PDP rotates 
through 352.9 deg in 12.80 s. Therefore, even though the PDP 
is rotating in a counterclockwise direction, a graph of phase 
angle at the start of a sweep mode vs time would show the 
Langmuir probe apparently precessing in a clockwise direc- 
tion. A series of Langmuir curves that shows the dependence 
of the anomaly on the phase angle is shown in Fig. 5. These 
data indicate that the anomaly maximized at a phase angle of 
about —55 deg. 

As seen in Fig. 3b, the lock mode data indicate that some 
type of interference, which we hereafter refer to as noise, was 
affecting the Langmuir probe once every 1.6 s. The anomaly 
in the lock mode data was present even during times when the 
PDP was grounded to the RMS of the Shuttle Orbiter. 
However, the magnitude of the resulting anomaly was reduced 
in comparison to that seen during free flight. 

Like the Langmuir probe measurements, the dc potential 
measurements taken during free flight also had an unexpected 
character. As is shown in Fig. 6, the average potential of the 
spheres relative to the PDP varied with the spin phase of the 
spacecraft. In Fig. 6, the potential between the spheres and the 
PDP varies by about 2. 1 V over the spin cycle. At other times 
during free flight, this variation in potential was as much as 
3.0 V, depending on the local plasma conditions. The 
variation in potential always reached its maximum positive 
value when the phase angle of the Langmuir probe was about 
-55 deg. 

Source of the Interference 

Several reasons led us to believe that the noise detected by 
the Langmuir probe during PDP free flight was not due to an 
instrument malfunction. First, at all other times throughout 
the mission, the probe appeared to function as expected, and 
no anomaly was detected until data reduction had begun. 
Second, noise seen by the dc Electric Fields Instrument was 
coincident in time with the noise seen by the Langmuir probe. 
Also significant was the fact that the Langmuir probe noise 
recurred with a period of 1.6 s. This is important in that 
several instruments on the PDP were designed so that one 
complete “cycle” would require 1.6 s. As was mentioned 
previously, the LEPEDEA is just such an instrument. The 
temporal relation between the bias voltage on the LEPEDEA 
and the bias voltage on the Langmuir probe is illustrated in 
Fig. 7. The “ringing” detected in the lock mode data occurred 
at precisely the times that the bias voltage on the LEPEDEA 
switched from 0 to 2.2 k V. This, and the fact that, throughout 
the mission, whenever the LEPEDEA was turned off, the 
anomalies seen by the Langmuir probe and the dc Electric 
Fields Instrument disappeared, led us to believe that, in some 
way, the LEPEDEA was responsible for the anomalous data. 

This suspicion was strengthened by the fact that the 
phase-angle dependence. Fig. 5, shows strong indications of 
being a dependence upon the orientation of the LEPEDEA. In 
Fig. 5, we see that the Langmuir curves, which have an 
anomalous character, occur between a phase angle of about 
-110 and 30 deg. This corresponds to time when the 
LEPEDEA phase angle was between -53 and 87 deg. Sweeps 
taken when the Langmuir probe phase angle was -55 deg 
corresponded to times when the LEPEDEA was approxi- 
mately in ram. Thus, the anomalies were largest when the 
LEPEDEA was in the ram of the plasma flow and smallest 
when it was in wake. The reason for this dependence will be 
discussed in the next section. 

Discussion 

When working with laboratory plasmas, it is possible to use 
an externally grounded electrode, whose potential will not 
change, as a reference point for potential measurements. 



Fit. 3 Series of Langmuir curves taken at various phase angles. Time 
Increases with Increasing phase angle. 


AVCftMC DC POTENTIAL 



TIME. >N SCCONOS. IT ANTING BAT 215. 0l:3*:00 


Fig. 6 Average dc potential of the PDP as measured by the dc 
Electric Fields instrument. The arrows indicate the times when the 
LEPEDEA is approximately in ram. 


lEPEOEA voltage PONM 



Fig. 7 Temporal relation between (he Langmuir probe and the 
LEPEDEA bias voltages. 

However, no such electrical ground is available when dealing 
with a spacecraft in the ionosphere. In such a situation, we 
must treat the system of the spacecraft and the instruments 
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mounted on it as a “double probe,” following the method 
originally proposed by Johnson and Malter. When two 
probes are biased with respect to one another but insulated 
from ground, the entire system will “float.” An important 
consequence of this is that the total current collected by the 
system must be zero. That is, any electron current collected by 
the system must be balanced by an equal ion current. In our 
case, the condition that the system be floating is 

+ (I) 

where 7, «, /, «, /,. and in# are defined as the ion and 
electron’ currents to the PDP spacecraft structure and the 
instruments, respectively. We are able to obtain expressions 
for /, * and l t «. in the following manner. 

After release from the Shuttle, the PDP had an orbital 
velocity of about 7.7 km/s. Analysis of the uncontaminated 
Langmuir probe data indicated that the electrons had a typical 
temperature of about 2500 K and a typical density of 1-5 x 10 3 
cm' 3 , in general agreement with previous measurements. If 
we assume that the ions and electrons arc in thermal 
equilibrium, we find that the thermal velocity of an electron 
was about 180 km/s and the thermal velocity of atomic 
oxygen, the predominant ion in the F2 region, about 1.1 km/s. 
Since the orbital velocity of the PDP was approximately a 
factor of 7 greater than the thermal velocity of the ions, most 
of the ions would have impacted the PDP on the side facing 
the ram of the plasma flow, the ion current thus consisting of 
the ions swept out by the front surface of the PDP. The 
equation describing ion current collection by the spacecraft is 

/#. sc * (2) 

where <4, is the front surface area of the PDP, e the charge of 
the ion, n f the ambient ion density (we assume n, » n e ), and v 9 
the orbital velocity of the PDP. Since the ion current consists 
of those ions that are rammed out by the motion of the PDP, 
we will approximate A , by ( 2rh + 2r 'h '), where r , h are the 
radius and height of the main body of the PDP , and r ' , h are 
the radius and height of the “top cap,” Fig. f. 

The thermal velocity of the electrons is greater than the 
orbital velocity of the PDP by almost a factor of 25. 
Consequently, all surfaces of the PDP wiU collect electron 
current, not just the ram side. We assume that the electrons 
had a Maxwellian distribution given by 

AW I5 > 

The electron current to the PDP at a potential V less than the 
plasma potential V pt and measured relative to V pt consists of 
those electrons with energies greater than \eV\ that strike the 
PDP, and is given by 



where A t is the surface area of the PDP that will collect 
electrons, e the charge on the electron, n t the electron density, 
k Boltzmann’s constant, T t the electron temperature, and m e 
the electron mass. Since the electrons may strike all surfaces of 
the PDP, we approximate A t by (2 rr l + Irrh + 2 xr'h '). 

We now need expressions for l i% iw and IM . The cross- 
sectional collecting areas of all of the instruments on the PDP 
are several orders of magnitude smaller than conse- 
quently, we should be justified in neglecting I K i(lf altogether. 
The only instruments on the PDP expected to draw significant 
amounts of electron current from the plasma, due to their 
positive bias voltages, are the Langmuir probe and the 
LEPEDEA. We can rewrite Eq. (1) as 

fir, *c “* k ~ (r. pr ” LEP * 0 ^ 


where the subscripts pr and LEP refer to current collected by 
the Langmuir probe and LEPEDEA, respectively. We can 
solve the preceding equation to determine the potential of the 
chassis of the PDP. Since the LEPEDEA has a very small 
collecting area and its bias voltage is large only for about 0.3 
s, during most of its 1.6-s operational cycle it should draw 
negligible current from the ionosphere. Therefore, we will first 
solve for the floating potential by setting LEP to zero. 
Substituting Eqs. (2) and (4) into Eq. (5), with f e lep set t0 
zero, we find that the “floating potential” of the PDP is given 


by 



A,en,v o -[ e0r 
A ten, ( kT e /2rm e )Vi . 


( 6 ) 


Using the values for /i e , T e , and the additional constants given 
in Table 1, we may determine the nominal floating potential of 
the PDP once we know l epr . Analysis of Langmuir curves 
collected under the plasma conditions listed in Table 1 reveals 
that the corresponding value of / flpr is approximately 14 jiA, 
which would give a value of -0.90 V for the floating potential 
of the PDP. The resulting magnitudes of l e iC and I i K would be 
about 93 and 107 /xA, respectively. (Ignoring the presence of 
/ i.e., setting I epf to zero, would have given a value for Vjj 

of -0.86 V. As we shall see momentarily, a change of 0.04 V 
is about 2 orders of magnitude smaller than the effect that is 
responsible for the appearance of the anomalous data. 
Consequently, we would be justified in ignoring / tf , pr alto- 
gether.) 

We turn next to the intervals when the LEPEDEA voltage 
was large and positive. As was mentioned previously, we 
believe that the cause of the anomalous data discussed in the 
preceding sections was somehow related to the operation of 
the LEPEDEA. The most likely explanation for the appear- 
ance of the anomalous Langmuir curves is that the bias 
voltage of the Langmuir probe, relative to the plasma, was 
changing unexpectedly during the course of a sweep. One 
other possible explanation, that the conditions in the plasma 
itself were changing, was not supported by data from other 
instruments on the PDP. An examination of all anomalous 
Langmuir curves showed that, by the time the Langmuir probe 
bias voltage had stepped to 4 V, the cause of the anomaly 
seemed to have subsided, as the remainder of the anomalous 
Langmuir curve appeared nominal. Under the assumption 
that whatever was responsible for the anomaly had completely 
subsided by the time the probe’s bias voltage was 4 V and that 
the conditions in the plasma remained unchanged during the 
course of a sweep, we were able to analyze the anomalous 
sweeps as follows. The Langmuir curve shown in Fig. 8 was 
taken when the plasma conditions were similar to those given 
in Table 1. In this figure, when the bias voltage of the 
Langmuir probe was 9 V, the probe collected about 6 p A of 
current from the plasma. Under normal conditions we would 
not collect this current until the bias voltage of the probe was 
7.3 V. Therefore, we conclude that, at the time the probe bias 
voltage was supposed to be 9 V, relative to the original 
floating potential of the PDP, it was actually 7.3 V. As is 
shown in Fig. 9, this procedure allowed us to determine the 
potential of the PDP, relative to the original floating 


Table 1 Constants used in the calculation of the floating potential 


Geometry of satellite: 

Electron collecting area A t , nr 

4.395 

Ion collecting area A, t m : 

0.830 

Height of main body /», cm (in.) 

66.04 (26) 

Height of “top cap” h ', cm (in.) 

21.97 (8.65) 

Radius of main body r, cm (in.) 

53.34 (21) 

Radius of “top cap” r'.cm (in.) 

28.58 (11.25) 

Orbital parameters: 

Electron density n r , x Kr cm" 

1 

Ion density n,, x 10 3 cm' ! 

1 

2500 

Electron temperature 7V, K 

Orbital velocity of PDP km/s 

7.7 
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ANOMALOUS LANGMUIR CURVE 



Fig. 8 Illustration of the method used to determine the actual 
Langmuir probe bins voltage, relative to the original floating potential 
of the spacecraft. 


potential, as a function of time. (This cannot be done with the 
average dc potential measurements by the E- field spheres, 
since the dc potential is sampled only once every 1.6 s.) The 
potential of the PDP dropped for about 0.2 s after the 
beginning of a sweep and then spent the next 0.2 s recovering 
to its original value. The implications of this are as follows. 

Recall that the current balance equation, Eq. (5), must be 
satisfied at all times. We have four currents contributing to 
current balance. I I IC is a constant, independent of the floating 
potential of the PDP, / eic depends on the floating potential, 
which we can determine as in Fig. 9, and f epr was measured 
directly. This allows us to solve for our one remaining 
unknown, /, LEP . A graph of 7 f lep as a function of time, 
assuming the plasma conditions given in Table 1, is given in 
Fig. 10. Time f - 0 is the time when the bias voltage on the 
LEPEDEA switches from 0 to 2.2 kV. Due to the sampling 
rate of the Langmuir probe data, 120 Hz, we were unable to 
determine the form of / e LEF between 0 and 0.050 s. Conse- 
quently, this portion of the graph has been left blank. Also, 
we were unable to obtain / rLEP after about 0.4 s, since it was 
difficult to establish with any accuracy when the predominant 
source of electron current changed from /, LEP to / e>tc . 

In spite of these difficulties, the significance of Fig. 10 is 
that it shows conclusively that the LEPEDEA must be 
drawing significant amounts of electron current from the 
ionosphere. At time t - 0.2 s, the LEPEDEA is drawing about 
100 fiA of electron current, compared with 107 pA for the 
magnitude of I f K . Thus, the LEPEDEA current is large 
enough that the potential of the PDP must drop by several 
volts in order to maintain current balance. In the example 
presented here, n e * 1 x 10 5 cm - \ T t * 2500 K, the potential 
of the PDP dropped by about 4 V. However, in some cases, 
when the Langmuir probe phase angle was about - 55 deg, 
the resulting Langmuir curves indicated an even larger drop in 
spacecraft potential. Fig. 5. Also, by comparing the magni- 
tude of the noise seen in the lock mode data during these 
worst-case events with the noise seen when the plasma 
conditions were similar to those in Fig. 8, we believe that, in 
some cases, the potential of the PDP may have dropped by as 
much as 10 V. 

The previous discussion indicates that it is current collection 
by the LEPEDEA that is responsible for the anomalous data 
reported by both the Langmuir probe and the dc Electric 
Fields instrument. We must now show that this can explain the 
actual appearance of the anomalous data and also the 
dependence of the anomaly on the phase angle. We begin with 
a discussion of the Langmuir probe sweep mode data. As was 
shown in Fig. 7, the bias voltage on the LEPEDEA switches 
from 0 to 2.2 kV at the same time that the Langmuir probe 
enters the sweep mode. However, as was shown in Fig. 9, the 
maximum change in spacecraft potential does not occur until 
0.2 s after the start of the sweep. This 0.2-s delay occurs 
because at time /=0 the bias voltage on the LEPEDEA 
switches from 0 to 2.2 kV and remains at this level for 0.2 s. 
The situation is similar to what happens when one charges/ 



Fig. 9 Potential of the Langmuir probe and the PDP relative to the 
original floating potential. 


lepcdca electron current 



Fig. 10 Predicted value of the LEPEDEA electron current, / ff L £ P , vs 
time. Time t - 0 corresponds to the time when the LEPEDEA bias 
voltage switched from 0 to 2.2 kV. 

discharges a capacitor. At / *0, the LEPEDEA bias voltage is 
large and positive, thus the LEPEDEA can draw a large 
electron current from the ionosphere and the PDP begins to 
charge to a negative potential. At t - 0.2 s, the bigs voltage on 
the LEPEDEA begins to decrease. Consequently, the electron 
current collected by the LEPEDEA also decreases and the 
PDP begins to “discharge” to its original potential. 

As can be seen in Fig. 9, the PDP potential wave form 
appears “rounded off* at early times. We have examined the 
possibility that this rounding could be related to a spacecraft- 
plasma circuit. Based on an electron density of 1 x 10 5 cm” 3 , 
we calculate a plasma sheath resistance of about 10 kO, 
ignoring magnetic field effects. If the rounding off of the 
spacecraft potential waveform occurred because the current to 
the spacecraft could only vary with a time constant given by 
r*L/^» 0.2 s or rmRC* 0.2 s, for a simple circuit this 
would require values for the inductance L or the capacitance 
C, which are unrealistically large. Similarly, an examination 
of the Langmuir probe circuit gives no indication that any of 
its components could be responsible for producing the effect 
either. We have been informed that the LEPEDEA voltage 
form was nominal in the high-voltage range during the time of 
observation, 7 consequently, a satisfactory explanation of the 
PDP potential waveform is lacking. 

The appearance of the lock mode (6-40 Hz) data is 
understood as follows. As was shown in Fig. 9, we were able 
to deduce the potential of the chassis of the PDP, as a 
function of time, after the voltage pulse to the LEPEDEA. 
Consequently, we also know that the actual bias voltage of the 
Langmuir probe would be, relative to the plasma, during the 
lock mode. This is shown in Fig. 11a, where time r=0 again 
corresponds to the start of the voltage pulse on the LEPEDEA 
and the plasma conditions are those given in Table 1. Using a 
nominal Langmuir curve, Fig. 2a, we then determine the 
current collected by the Langmuir probe during the lock mode 
by reversing the process illustrated in Fig. 8. The current curve 
in the lock mode is shown in Fig. 1 lb for the initial 1.0 s of the 
1.6-s cycle of the LEPEDEA voltage. By taking the fast 
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Fig. 12 Computed lock mode output from the 6-40-Hz channel. 
Time t -0 corresponds to the time when the LEPEDEA bias voltage 
switched from 0 to 2.2 kV. 
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Fig. 11 Actual Langmuir probe bias voltage during the lock mode, 
relative to the original floating potential (a) and computation of the 
current collected by the Langmuir probe during lock mode (b). Time 
r-0 corresponds to the time when the LEPEDEA bias voltage 
switched from 0 to 2.2 kV. 

Fourier transform of these data. Fig. lib, we then isolate the 
contribution of the 6-40-Hz components, see Fig. 12. In 
comparing Fig. 12 with Fig. 3b, we notice that the general 
oscillatory form seen in Fig. 12 is very similar to that seen in 
the actual data, although the finer details appear somewhat 
different. We should note that, in an attempt to recreate the 
ringing seen in Fig. 3b, we have ignored the presence of any 
rapid density fluctuations, and, thus, cannot expect our 
prediction. Fig. 12, to agree entirely with the actual data. 
Fig. 3b. 

Next, we need to explain the dependence that the anomaly 
has on the orientation of the PDP. As was previously 
mentioned, the magnitude of the anomaly recorded by both 
the Langmuir probe and the dc Electric Fields instrument 
maximizes whenever the LEPEDEA is in ram. We would 
expect the LEPEDEA to draw less current when the local 
electron density, i.e., the electron density near its opening, is 
small, and more current when the local electron density is 
large. If we ignore l e pn we may rewrite Eq. (5) as 

= en t {A,v 0 ^ A e [kT r /2rm e ] l /i exp [eV/kT t \) (7) 

where n' e {6) is the local electron density “seen” by the 
LEPEDEA, 6 the LEPEDEA phase angle, and /( V) some 
function of its bias voltage. It is well established that the wake 
of an ionospheric satellite is a region of depleted electron 
densities. Therefore, when the LEPEDEA is facing the wake 
of the PDP, the local electron density, nj(0), will be 
significantly less than the local electron density seen in ram. 
Thus, the magnitude of I e LEP when the LEPEDEA is in the 
wake will be correspondingly reduced and current balance will 
be achieved with virtually no change in spacecraft potential. 
Consequently, no anomaly is detected when the LEPEDEA is 
in the wake. 

Finally, the measurements of the average potential on the 
E-field spheres, relative to the chassis of the PDP, can also be 
easily understood. With the LEPEDEA voltage pulsed to 2.2 
kV, the potential between the PDP (which becomes more 
negative) and the spheres (still close to the original floating 
potential) must increase. We note that this potential measure- 
ment was taken once every 1.6 s and always 0.166 s after the 
LEPEDEA voltage pulse. We can compare the potential 
change measured by the dc Electric Fields instrument with 
that determined from the Langmuir probe as in Fig. 9. In so 
doing, we find that the former is generally somewhat smaller 


than the latter, an effect due to low-pass filtering in the dc 
Electric Fields instrument. The Langmuir probe measure- 
ments and the dc potential measurements are, however, in 
general agreement. 

Conclusions 

Our experience suggests that an exposed, positive high- 
voltage source on an ionospheric satellite can act as a source of 
electron current to the spacecraft chassis. This may, in turn, 
affect the operation of other instruments that use the chassis 
of the satellite as an electrical ground by altering the 
spacecraft potential. This change in spacecraft potential is 
dependent upon the orientation of the high-voltage source, 
relative to the plasma flow. It is believed that this problem can 
be minimized in the future by placing a grounded grid on the 
opening of the high-voltage source so as to limit the collection 
of thermal electrons. 

The fact that the effect was also detectable in the lock mode 
data when the PDP was grounded to the Orbiter indicates that 
the pulse of electron current collected by the LEPEDEA was 
sufficient to change the potential of the Shuttle by a small, but 
noticeable, amount. Most of the body of the Shuttle is covered 
with an insulating material. The area of the Shuttle believed to 
be most responsible for current collection is the main engines. 
Because the surface area of the main engines is approximately 
one order of magnitude greater than that of the PDP, the 
current pulse to the LEPEDEA may have shifted the potential 
of the Orbiter by as much as - 1 V when the main engines 
were in the Orbiter's wake. If the potential of the Orbiter had 
shifted by more than - 1 V the appearance of the Langmuir 
probe sweep mode data would have been affected. Since this 
did not occur, - 1 V is an upper bound on the change in 
potential of the Shuttle. 
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Detailed measurements of the electric field strength associated with the K u -band radar and S-band communi- 
cation link were made by the Plasma Diagnostics Package (PDP) on STS 5 IF. These measurements were made 
while the PDP was attached to the Remote Manipulation System arm and again while the PDP was released as a 
subsatellite. The results indicate that cargo elements that remain inside of the scan limits of the radar should ex- 
perience fields less than 2V/m and that elements that may encounter the main beam can use 300 V/m as a design 
guideline with adequate safety margin. S-band fields tended to be several dB lower than wont case predictions. 
Safe design practice indicates that an electric field £ * 100/r (r in meten) should be used as a guideline for 
deployable systems. S-band electric fields within the cargo bay envelope should be < 2 V/m even with edge dif- 
fraction effects and reflections from other payloads taken into account. The absolute accuracy of these measure- 
ments is - 2 dB. 


I. Background 

T HE Space Shuttle Orbiters were designed to haul cargo 
into orbit as well as retrieve it from orbit. Because the 
cargo can be extremely varied in its application* a great 
effort has been made to define as much of the environment as 
possible in and near the Orbiter in launch, orbit, and landing 
phases. By knowing precisely what environment to expect, en- 
gineers can appropriately design the payloads to operate safely 
and reliably within that environment. 

The Plasma Diagnostics Package (PDP) is a cluster of four- 
teen instruments designed primarily to define the way in which 
the Orbiter perturbs the natural plasma environment. A com- 
plete description of this instrumentation may be found in 
Shawhan. 1 Since plasma-wave instruments were part of the 
cluster in the PDP, measuring electric and magnetic fields to 
approximately 200 kHz, it was logical to use the PDP to 
measure Orbiter-induced electromagnetic interference (EMI) 
as well. The wave measurements were therefore extended in 
frequency range to measure fields generated by the Or biter's 
intentional transmitters. An S-band receiver was added speci- 
fically to measure field magnitudes due to the PM and FM 
communication link. Shawhan 2 summarizes the EMI results 
obtained from the PDP wave instruments on the third test 
flight of the Orbiter Columbia (STS-3). 

Detailed measurements at S-band communication frequen- 
cies on STS-3 indicated that field strengths were on the high 
side of predictions but with an uncertainty factor that made a 
refined set of measurements desirable. 3 The S-band detector 
system was upgraded, and a receiver was added that had the 
ability to measure the fields of the K u -band integrated radar 
and communications link. A detailed description of this hard- 
ware, referred to as the KUSR, may be found in Murphy 4 and 
a brief overview is given in Sec. II. 

Upon completion of the hardware calibration and integra- 
tion, the PDP was reflown on Challenger 51F (Spacelab 2), 
and a number of specific experiments were implemented to 
characterize the S-band and K u -band links. These experiments 
are described in Sec. III. 
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Before engaging in a detailed discussion of the experiment 
and results, it will be appropriate to review briefly the Or- 
biter’s S-band and K u -band communications system. 

Challenger S-Band Communication Link 

There are several communication systems in the S-band fre- 
quency range, but only the one with highest power output is of 
concern for our measurements. This system, the CW phase 
modulated link, operates at a frequency of 2287.5 MHz 
through the four S-band “Quad” antennas located above and 
below the cabin area. It should be noted that the configuration 
of the antenna beams has changed from that which was 
measured on the STS-3 mission. The configuration on the Co- 
lumbia allowed the selection of one of four antenna beams 
mounted in equal quadrants at four points around the crew 
cabin. For the Spacelab 2 mission, the Orbiter Challenger had 
been modified to provide eight possible antenna beams. 

The eight beams are created by the use of four sets of wave- 
guide slot antennas that are centered about four points around 
the circumference of the cabin area. See Table 1 for the loca- 
tion of these antennas in Orbiter body axis coordinates. By 
properly phasing each set of antennas, a broad beam can be 
made to point slightly forward or slightly aft of the Z axis. 
Since the antennas are located at angles of approximately 45 
deg to the X-Y and X-Z plane, they are referred to as upper 
left (UL)» upper right (UR), lower left (LL), and lower right 
(LR) antennas. (See Fig. 1 for a definition of the coordinate 
system used.) In addition, the designation “F” or “A” (e.g., 
ULA) is added to indicate, for a given antenna, whether the 
forward or aft pointing beam is selected for a specified antenna. 


Table 1 Quad antenna locations 1 

X Y Z 


UL 

-351 

-71 

-472 

UR 

- 551 

+ 71 

-472 

LL 

-556 

-96 

-295 

LR 

-556 

+ 96 

-295 


‘Given in Orbiter body axil coordinates. 
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Ffg.l Schematic representation of the F04A sequence. 

The high-frequency mode (2287.5 MHz) has the highest out- 
put power of all the possible S-band links and was selected 
when the KUSR made its measurements. The maximum 
measured output power of the high-frequency PM (ink trans- 
mitter is 163 watts (52 dbm). With 3.5 dB minimum cable loss, 
the maximum power available to the antenna is approximately 
73 watts. (Measured cable loss varied from -3.5dB to 
- 3.9dB.) Considering the maximum predicted gain of anten- 
nas at boresight is 7. 1 dB (power ratio 5.12), the maximum ex- 
pected field in a limited solid angle would be 

E{V/m) - (l/r)[(l/4x)/ > • G • Z]* 
where P =* transmitting power (watts), G » antenna gain, Z 
=« free-space impedance, 377 0 and r » distance (meters). 

It is this worst-case electromagnetic field estimate that the 
experiment attempts to verify. 

Shuttle K v -Baud Radar and Communkatioas System 

Since the Orbiter uses the same amplifier and parabolic 
antenna for operation of its TDRS data link (15.0034 GHz 
CW) and its radar link (five frequencies between 13.779 GHz 
and 13.987 GHz pulsed) and their peak output is essentially 
the same, it is sufficient to measure one or the other to deter- 
mine worst-case fields. The radar field is linearly polarized in 
its passive mode, whereas in the communication mode the po- 
larization is circular. Because of the flexibility of the radar 
system and the fact that it will be tracking the PDP while it is a 
free flyer, it was decided to make all measurements in radar 
mode. All details of the radar system may be obtained from 
Ref. 5 but are given below in a summary form. 

The K u -band radar and communications system is folded 
inside the payload bay for ascent and entry and deployed over 
the starboard sill next to the forward bulkhead when in use. 
Details of the antenna pattern and its predicted fields will be 
discussed in Sec. IV. The antenna has a 2-axis positioner and is 
pointed by rotation around a pivot point 21 inches from the 
antenna centroid when tracking satellites but employs an ad- 
justable “obscuration mask" to prevent its pointing at certain 
dements of the Orbiter and into the payload bay. 

The radar system is designed to track a standard Swerling 
target from approximately 30 m (100 ft) to 35 km (20 n.mi.). 
Since this is a range-gated radar, both the pulse width (pw) 
and pulse- repetition frequency (prO are variable depending on 
the target distance. Table 2 lists the various pulse widths and 
prf s available depending on target distance and whether the 
radar is in its search or track mode. 

In order to minimize scintillation effects, the radar fre- 
quency is automatically varied over the band indicated above 


Table 2 Signal parameters for RR radar and radar power output 



RR Radar 


Mode 

Range (n.mi.) 

prf 

pw ( M s) 

Track 

> 9.5 

2987 

33.2 


3.8 — 9.5 

6970 

16.6 


1.9— 3.8 

6970 

8.3 


0.95 — 1.9 

6970 

4.15 


0.42 — 0.95 

6970 

2.07 


<0.42 

6970 

0.122 

Search 

>0.42 

2987 

66.4 


<0.42 

6970 

0.122 


Radar Power Output 


Mode (Radar) 

Output 
Power Level 

Maximum 

Near 

Field (V/m) a 

Far Field b 

Hi power 

70 watts 

280° 

2320/ R 

12 dB pad 

4.4 watts 

70 

583/R 

24 dB pad 

0.3 watts 

17 

146/R 

TWT bypass 

- 4 mwatts 

3 

26/ R 


‘Maximum in Communication Mode is 300 V/m. b Begins at - 77 m from 
dish. c In Fresnel Zone extending to - 10 m. 


in steps that are 52 MHz apart giving the following opera- 
tional frequencies: 13.779, 13.831, 13.883, 13.935, and 13.987 
GHz. This frequency switching happens rapidly compared to 
our KUSR measurement cycle and will not be important in 
data analysis. 

Because there is a wide range in the possible return power 
(depending on target size and distance), it would be difficult to 
design the front end of the radar receiver section to handle 
such a dynamic range. Thus several output power levels are 
available. The power levels of these modes and the predicted 
field strength in the main beam at a distance of 100 m are con- 
tained in Table 2. The output power depends not only on the 
distance to the target but also on the radar mode selected. By 
choosing the proper mode, the PDP was able to make meas- 
urements of the radar beam even when it was too close to the 
orbiter to be tracked by the radar. 

II. KUSR Instrumentation 

The K u -band/S-band receiver (KUSR) built and integrated 
into the PDP for the Spaceiab 2 mission was designed and cali- 
brated with the goal of measuring the S-band and K u -band 
fields to a precision of l dB. This goal, since it was quite ambi- 
tious, could not be achieved, but accuracies on the order of 2 
dB were attained. Although a complete and detailed descrip- 
tion of the system is not within the scope of this paper (see 
Ref. 4), it is appropriate for the reader to have some basic 
understanding of the instrument. 

The K u -band subsystem consists of an optimal gain conical 
horn coupled to two orthogonal linear probes in a circular 
waveguide. The RF probe output is converted to DC through a 
zero-bias Schottky detector. This detector output is then 
routed to dual amplifier/peak detector systems, one high gain 
and one low gain. The outputs of both channels are mul- 
tiplexed with S-band data and sampled by the PDP telemetry 
encoder at the rate of 10 Hz. Table 3 contains data on the sen- 
sitivity of this system. 
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The S-band subsystem differs somewhat from that which 
was flown on the STS-3 mission. A broadband, low-gain, 
ndgea-gujae horn was used for an antenna. Output was mixed 
to IF with a 2.20 GHz L.O. and the signal detected by both a 
linear detector (diode type), where output voltage was propor- 
tional to measured E-field, and a log detector. In front of the 
log detector was a bank of four filters; 25-65 MHz, 65-165 
MHz, 165-400 MHz and 400-800 MHz, whose outputs were 
multiplexed to the log detector. Since we are only interested in 
the 2287.5 MHz PM link, only the output from the second 
filter (65-165 MHz) will be used in this report. 

The test program for calibration of the KUSR was designed 
such that all absolute calibration ultimately depended on the 
accuracy of three things; 1) the repeatability of a measurement 
setup, 2) the absolute calibration of a power meter, and 3) the 
absolute accuracy of a standard gain horn. Table 4 delineates 
the instrument calibration error budget. 

Calibration of the K u -band subsystem was done for otho- 
gonal linear polarizations, for five radar frequencies, and at 
all nominal pulse widths expected. These calibrations were 
performed in an anechoic chamber and compared to data 
from a standard gain horn. The system is slightly less sensitive 
at the lowest pulse width (0.122 fis) but becomes fiat above 
that 1.5 fis. There is no frequency sensitivity because the radar 
changes frequencies rapidly compared to the peak detector 
sample rate. Only the frequency to which the system is most 
sensitive determines the output response on orbit. 

By combining output from both polarizations, the total E- 
field may be determined independently of rotation about the 
line-of-sight axis to the source. 

The S-band system was also calibrated in an anechoic cham- 
ber against a standard gain horn and its sensitivity is sum- 
marized in Table 3. 

Both the K u -band and S-band antenna patterns were plotted 
in azimuth and elevation so that measurements made at angles 
other than boresight could be reliably used in the analysis. In 
all cases these chamber measurements were made with the 
KUSR integrated into the PDP and with the PDP in its flight 
configuration. 

III. Experiment Objectives 

As with all experiments on Spacelab missions, detailed pro- 
cedures, requirements, and configurations are determined far 
in advance of a mission and then timelined as resources will 
allow. The following Functional Objectives (FO’s) defined the 
goals of the KUSR experiment on PDP. These are met either 
by maneuvering the PDP on the RMS or by making measure- 
ments of the generated fields while the PDP is some distance 
away as a free-flying satellite. 

F04A — K,-band EMI 

The RMS sequence pictured in Fig. 1 is used to move the PDP 
along the payload bay at a level near the top of the cargo 
doors. (The coordinate system used in Figs. 1-3 is the Orbiter 
Body Axis System (x/ foreward, y/starboard, z/down). The 
origin of this system is the nose of the external tank.) The 
radar dish is pointed over the payload bay (elevation + 60, azi- 
muth + 50) at the edge of its allowable scan limit. The shaded 
portion of Fig. 1 depicts the beam at this scan angle. Low- 
power mode is chosen for the first part of the scan while the 
PDP continuously points its receiving antenna at the dish. 
During the last half of the scan, the PDP is rotated and points 
its receiving antenna at the vertical stabilizer allowing possible 
measurement of reflected fields. High-power mode was 
selected for this segment of the scan. This FO allows the in- 
strument to characterize the worst-case electric fields expected 
near the cargo-bay envelope. 

K04B — K a -band Antenna Pattern— Near Field 

The RMS sequence depicted in Fig. 2 is used to make direct 
measurements of the near-field radar beam. The radar is 
pointed up the -Z axis of the Orbiter, and the PDP scans along 
the beam axially from approximately 2.5 m (8 ft) to 10 m (35 ft). 


Table 3 K v -band and S-band sensitivity 


K u 

-Band, Single Channel 


Hi gain 13.887 GHz 
0.8 V/m 


2.07 fxs pw 
4 V/m a 

Lo gain 

3.5 V/m 


V/ 

S-Band 

Log detector 

-42 dB V/m 


2287 MHz 

4. ?Q HR V/m 

(0.008) V/m 


(?R V/m! 

Linear detector 
- 18 dB V/m 


2287 MHz 

4 . 1 1 HP V/m 

(0.126 V/m) 


id d * V/m! 




‘Variation exists between the 2 polarizations. These data are typical. 

Table 4 

Instrument error budget 



Magnitude of Error (dB) 

Source of Error 

Kv-Band 

S- Band 

Setup repeatability 

±0.5 

±0.5 

Gain of standard horn 

± 1 

± 1 

Calibration of detector 

±1 

±1 

Mismatch detector/ 
antenna 

±0.5 

±0.5 

Sensitivity 

*0.25 (typ) 

±0.6 (typ) 

Temperature correction 

±0.2 

±0.5* 

Total RMS error 
± 1 dB desired 

±1.6 dB 

± 1.76 dB 


*Log Detector was not calibrated over temperature. 
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Fig. 2 The 4B scan sequence used to determine near-field strength of 
the radar beam. 


At distances of 8 m (25 ft) and 10 m (35 ft)(points B and C in 
Fig. 2), the PDP is moved in X and Y to scan the beam 
radially. This scan was performed with the radar in both low 
and high power. 
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Fig. 3 The 4C scan sequence used to survey fields associated with 
Quad aft beams <2287.5 MHx.). 


F04C — S-band Fields Near the Payload Bay 

Figure 3 illustrates the RMS sequence used for this field 
survey. This is essentially a repeat of the experiment per- 
formed on STS-3. The scan is executed twice, once with the 
ULA beam selected (2287.5 MHz) and once with the URA 
beam selected. The small arrows in the figure indicate the 
pointing direction of the S-band horn. 

F08 — S-band Antenna Patterns 

Figure 4 illustrates the objective that came to be called the 
“F08 roll.” Since there are eight possible antenna beams on 
the Orbiter, it is desirable to get as much pattern information 
as possible on all of them. The PDP was a free-flying, spin- 
ning satellite, and the Orbiter was station keeping at * 90 
meters along the velocity vector in from of PDP. Once sta- 
tionkeeping was established, the Orbiter started a slow roll 
about its X-axis (0.75 deg/s). By selecting the proper antenna, 
a 90-deg scan of each of the eight beams was performed over 
a period of two complete rolls. 

Another KUSR measurement goal, although not 
flight-test data are within approximately 3 dB of the theoreti- 
cal prediction and in all cases are lower than the predicted 
value. Error bars on the PDP measurements would be ± 1.6 dB. 
easily obtained because the orbiter tracks the PDP during its 
free-flight at distances up to approximately 0.5 km. 


IV. Results of K v -Band Measurements 

F04A was executed only one time, but the results are signifi- 
cant in that they provide guidelines for the EMI design specifi- 
cations of hardware to be carried in the payload bay. During 
the first half of the scan depicted in Fig. 1 (A-B-C), the 
antenna, positioned against software limits at az-50 el-60, was 
operated in low power. No fields above the level of instrument 
sensitivity were detected (< 2 V/m) even though the PDP 
receiving antenna was directed toward the K u -band radar dish. 
It should be noted that the original goal of pointing the radar 
directly at the vertical stabilizer was not achievable. Some 
higher reflected fields may have been expected in that case. 
During the second half of the scan (C-B-A), the radar 
antenna was operated in high-power mode. The only time any 
field above noise level was detected was at position C, where 
the PDP measured fringe fields associated with the beam per 
se. It should be noted that during this second half of the scan. 



TIME ( MINUTES ) 

Fig* 5 Field strength measured during F04B Man. 


the PDP receiving antenna was pointed in the general direc- 
tion of the aft cargo bay and vertical stabilizer to look for 
reflected fields. The fact that no signals were detected implies 
that fields associated with power reflected from developing 
sidelobes many degrees from the main beam are negligible. 
F04B results discuss off-axis intensity in more detail. 

Results of the above experiment would seem to confirm that 
instruments operating entirely within the obscuration mask or 
scan limits should not experience fields in excess of 2 V/m. 
Within the primary beam no reflections from other payload 
bay elements would seem to contribute enough to the field in- 
tensity to be of concern if instruments are not sensitive to 2 
V/m fields. However, any instrument that is operated outside 
of this protective envelope should design to fields associated 
with the main beam. 

The purpose of F04B was to measure the fields associated 
with the near-field beam. Figure 5 is a plot of the intensity of 
the K u -band electric field in low-power radar mode and the ax- 
ial distance from the center of the radar dish as a function of 
time for the first execution of F04B. As can be seen in the 
figure, the field is not strongly dependent on distance along 
the beam center. The intensity has a minimum at a distance of 
- 7.5 m and a broad maximum of - 1 1-12 V/m from 10-12 
m. Although two scans were done with this RMS mode, only 
the first scan, done in low-power mode, is plotted in Fig. 5 
since the second scan, which was in high power, saturated the 
instrument when it was on axis of the antenna. Assuming the 
specified 24 dB difference between low and high power shown 
in Table 2, the maximum expected electric field in the near- 
field beam interpolated from the data would be - 190 V/m. 
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Fig. 6 Near-field off-axis scan data. 

Figure 6 illustrates the radial dependence of the electric field 
intensity as the RMS scanned the PDP perpendicular to the 
beam axis. The figure is a compilation of data from 2 scans. 
For reference, data taken during ground testing 6 at a distance 
of 8.4 m is also shown in Fig. 6. 

A look at the raw data taken during the second F04B scan, 
which had the radar in high-power mode, reveals some in- 
teresting characteristics. Figure 7 plots the total measured field 
as a function of time. The two large dips in the field are the 
manual X and Y off-axis scans. The actual fields plotted are 
incorrect except during these X and Y scans because the instru- 
ment is in saturation (the actual field should be - 190 V/m 
based on low-power scan data). Several conclusions can be 
drawn from these data. The apparent increase in the total field 
at the beginning and end of the Y-scan indicates a shift in the 
polarization. This is noticeable because of a difference in sen- 
sitivity of the orthogonal detectors. At an angle of 6.5 deg 
away from the main beam, the field is still 18 V/m, yet a closer 
distance and 5 deg from the beam, the field is below the level 
of sensitivity of the low-gain detector. It is also interesting to 
note the apparent variation in intensity from time » 28 to 
time = 32. This change (a result of increasing the distance 
from the dish) is not only a real amplitude change but also in- 
dicates a polarization shift. The X-scan is noteable because 
small “sidelobes” are beginning to form at this location. It is 
not clear if these are real or an artifact of multiple reflections 
between the probe (PDP) and the dish. 

Additional measurements of the Orbiter’s radar were ob- 
tained during the free-flight portion of the PDP’s experi- 
ments. At distances greater than - 200 m (640 ft), the radar is 
in high-power mode during passive track and additional data 
points on the beam intensity were obtained at several dis- 
tances. Figure 8 is a plot showing the superposition of a theo- 
retical 25 dB Taylor distribution, Rockwell ground test data, 
and the points obtained both during F04B and free flight. 
[Figure 8 ground-test data ran 7.26 dB below a "hot” (hypo- 
thetical) system that would have 1) the highest output power 
of any production TWT, 2) the least observed waveguide loss, 
and 3) the highest antenna gain ever measured. There are 
natural variations in these parameters between systems.] The 
flight-test data are within approximately 3 dB of the theoreti- 
cal prediction and in all cases are lower than the predicted 
value. Error bars on the PDP measurements would be 
±1.6 dB. 

Discussion of the comparison between the measured values 
for K u -band electric fields and design specifications will be 
continued in the summary section. 


F048 XU - BAND PIELD 



Fig. 7 Magnitude of the electric field as a function of time during the 
high-power F04B scan. 




Fig. 8 Comparison of flight data to ground test results. 


V. Results of S-Band Measurements 

RMS test objective 4C, which was discussed in Sec. Ill, 
resulted in tabulated values of electric field intensity at several 
locations in and over the cargo bay. The RMS sequence was 
executed twice with either the URA or ULA quads selected 
since they produce the worst-case fields in and around the 
cargo bay. Table 5 summarizes the results of the measure- 
ments at each of the test locations shown in Fig. 3. These data 
have been corrected for the receiving antenna directivity, but it 
should be noted that the receiving antennas are linearly polar- 
ized and the transmitting antennas (quads) are circularly po- 
larized. This imples that the total E-field at boresight is 3 dB 
greater than we measure. 





86 


G. B. MURPHY AND W. D. CUTLER 


J. SPACECRAFT 


Table 5 F04C Summary 


RMS 
Point 
(Fig. 3) 

Distance 

from 

XMTR (m) 

Angle from 
boresight 
(deg) 

Measured 

field 

dB (V/m) 

Antenna 
directivity 
correction 
(PDP) dB 

Equiv. 

E-field 

V/m 

Antenna 
Directivity 
correction 
(XMTR) dB 

Far-field 
constant 1 
k * Er 




Upper Left Aft 




A 

16 

70 

-4 

1.35 ±0.1 

0.74 

6 ± I 

23.5 

B 

14.3 

58 

4 

2.7 ± 0.5 

2.2 

6 ± 1 

61.7 

C 

9.2 

54 

tl 

1.05 ±0.1 

4.0 

5 ± 1 

65.1 

D 

6.0 

86 

5 

5.8 ± 1 

3.5 

8.5 ± 1 

55.4 

E 

6.9 

64 

4 

3.5 ± 1 

2.4 

6 ± 1 

32.6 




Upper Right Aft 




A 

16 

69 

-6 

1.3 ±0.1 

0.58 

5 ± 1 

16.6 

B 

14.3 

56 

2 

2.5 ±0.3 

1.7 

4 ± 1 

38 

C 

9.3 

51 

8 

1.2 ±0.1 

2.9 

2 ±0.5 

33.8 

D 

4.1 

31 

17 

1.15 ±0.1 

8.1 

1 ±0.5 

37.4 

E 

7.0 

60 

8 

2.4 ±0.5 

3.3 

4 ± 1 

36.7 


•Not corrected for polarization Ion. 


Column 8 in Table 5 shows the value of k » £ • r calculated 
for each measurement point, where r is the distance between 
transmitter and receiver. Note that for measurement angles far 
from boresight (points A and E for URA and points A, D, and 
E for ULA), there tends to be some divergence from the trend. 
This is consistent with the purity of the polarization from the 
transmitting antenna degrading at angles from boresight. 
Measurements taken at small angles from boresight give the 
best indication of the output of the transmitting antennas; 
however, measurements at larger angles from boresight do 
provide a realistic assessment of the fields encountered by a 
single linear polarized aperture at these locations. It would be 
wise for the designer to assume all of the power from the 
transmitting antenna, />„ not P r 3 dB, is available to excite an 
aperture of any given orientation at these points in the cargo 
bay. 

Measurements made during Orbiter back-away after PDP 
release provide the best measure of the E r constant. Figure 9 
is an illustration of the data taken during this maneuver. 
(These data have not been corrected for polarization loss.) The 
PDP was released from the RMS at 213:00:10:00; at 
213:00:12:05 the Orbiter began a series of thruster firings that 
caused it to separate from the PDP at a rate of - 0.5 ft/s. 
Within 30 seconds after release from the RMS, the PDP began 
to slowly spin up. This generated the spin modulation evident 
in the data of Fig. 9. Figure 9 has been fitted to a k/r curve, 
where the best- fit value of k is 3 1 . 1 ±0.5. Correcting for the 3 
dB polarization loss, the expected value of electric field from 
an upper quad antenna (it is not known if it was ULA or 
URA) is £ * 62/ R. These data are in close agreement with 
F08 roll data for the ULA antenna discussed below. 

In order to obtain measurements on all eight antennas, the 
F08 roll maneuver (see Sec. Ill) was performed at a distance 
of approximately 90 meters from the Orbiter. Figure 10 illus- 
trates the data taken during this objective. (The peaks are a 
result of the 13 s spin period of the PDP modulating the 
receiving antenna gain.) The PDP was located at a distance of 
about 90 m behind and slightly to the aft of the Orbiter. The 
roll maneuver about the Orbiter X axis thus produced a good 
principal plane scan of the aft beams but did not pass through 
the center of the forward pointing beams. The minimum angle 


S - BAND E- FIELD ( MEASURED) 



Ftg. 9 S-band data from Orbiter back-away maneuver. 


S' BAND E FIELD l F08) 

ULA | LLA | LRA 



Fig. 10 F08 roll data uacorrected for 3 dB polarization Ion. 
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Table 6 FO« S-band fields 


+ 3 dB 


Antenna 

Selected 

Peak field 
measured 
dB (V/m) 

Distance 

(m) 

(± 5) 

Angle from 
boresight* 
(deg) 

k - Er 

polarization 

loss 

(XMTR) 

ULA 

- 10 

93 

0 ± 2 

29 4 

58.8 

LLA 

-9 

92 

0 ± 2 

32.6 

65.2 

LRA 

-9 

9! 

2 ± 2 

32.3 

64.6 

URA 

-12 

86 

3 ± 2 

21.6 

43.2 


‘Closest approach of pattern cross section to transmitter boresight. 



Fig. 11 Standing wave pattern observed as the PDP was moved from 
location D to E of F04C scan. 


to boresight for measurement of the forward beams was - 40 
deg. This is evident in Fig. 10 from the lower intensity for all 
of the forward antennas. Using the ground-test data 7 for 
antenna patterns illustrated in Fig. 10, a correction for direc- 
tivity of the transmitting antenna can be made and an estimate 
of boresight intensity obtained. Table 6 summarizes the 
results, corrects for the 3 dB polarization loss, and provides an 
estimate of the worst-case fields for the aft beam of each 
antenna at this measurement distance. 

An additional topic of interest for S-band fields in or near 
the cargo bay is how much electric field enhancement can be 
expected due to reflections from payload elements in the cargo 
bay and possible diffraction effects associated with the edge of 
the forward bulkhead. The RMS scan for F04C yielded in- 
teresting results in this regard. Figure 1 1 is a sample of S-band 
data taken during F04C scan from point D to E. The quasi 
sinusoidal variations observed can be explained by the PDP 
being moved through a standing wave pattern resulting from 
interference of multiple sources. (This standing wave pattern 
is not observed external to the cargo bay.) It is not possible 
with the complex geometry of the payload bay elements of 5 IF 
(Spacelab 2) to discriminate possible multiple source reflec- 
tions, which would produce a standing wave pattern, from the 
diffracted fields that could also be present. 

If we assume that this pattern is due to one primary and one 
secondary source, the worst-case VSWR observed indicates 
that the secondary source has a power approximately 20% 
that of the primary source. Since these observations are highly 
dependent on position within the cargo bay envelope and 
would, of course, be dependent upon payload geometry, it 


would not be unreasonable to expect reflection enhancements 
to be as high as 50% over that of the primary source. Several 
dB margin of error over the measured E/R constant should be 
allowed to account for field enhancement from these reflec- 
tions. 

VI. Summary 

For the EMC design of Shuttle payloads, several general 
conclusions can be gathered from the above data. 

Under normal conditions, K u -band electromagnetic fields 
experienced by cargo elements remaining inside the radar-scan 
limits set by either hardware limits or observation mask will be 
less than 2 V/m. Payloads that will be deployed or operated in 
any way outside of the mask, or those that need to operate 
concurrently with the radar and depend only on operational 
guidelines to prevent the radar antenna from pointing at them, 
should design to the guidelines given in the JSC, 07700, 
Volume XIV, Attachment I (ICD 2-19001). This specification 
lists the maximum field in the high-power beam to be 300 
V/m. Experience dictates that this is probably an overestimate 
by - 50% of what fields may actually exist. Since there can be 
intrinsic variation in TWT output power and waveguide losses 
among orbiters, the 300 V/m value should be used to provide 
an adequate safety margin. Our measurements on Challenger 
can serve only to provide additional credibility to these guide- 
lines. 

S-band electric fields also tended to be shomewhat lower 
than worst-case predictions. Figure 10.7.2.2.6-1 in ICD 
2-19001 gives worst-case fields at boresight of slightly more 
than 100/r. Our measurements that have an absolute accuracy 
of ± 2 dB predict - 60/ r, which is about 4.4 dB low. This is 
not unreasonable since the ICD gives worst-case numbers. 
Safe design practice would indicate that for any point near the 
Orbiter payload bay, 100 /r field prediction provides an ade- 
quate margin of safety. E-fields within the cargo bay should 
always be < 2 V/m even with reflections and/or diffractions 
taken into account. 
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ABSTRACT 


A cold cathode ionization gauge was flown on space shuttle flight 
STS-51F as a part of the Spacelab 2 payload. Neutral pressure data which 
were taken in the payload bay during the first few hours on orbit are pre- 
sented. These data show that when the payload bay is oriented such that the 
atmospheric gases are ramming into it, the pressure rises to a peak of 
4 x 10“ ^ Torr. Pressure is also slightly higher during the sunlit portion of 
each orbit. Outgassing of the payload bay causes the pressure to be elevated 
to a few times iO” 6 Torr early in the mission. In addition, several effects 
on pressure have been identified which are due to chemical releases. Sub- 
stantial increases (50-150%) are seen during another experiment's gas purge. 
Orbiter chemical release effects include the following: pressure increases 

of 200% up to 7 x 10 -6 Torr due to OMS burns, minor perturbations in pressure 
due to vernier thruster firings and little or no increase in pressure due to 
water dumps. In the case of vernier thruster firings, effects are seen only 
from down-firing thrusters in the back of the Orbiter which are probably due 
to the reflection of thruster gases off of Orbiter surfaces. 



3 


INTRODUCTION 


The Plasma Diagnostics Package (PDP), is a cylindrical subsatellite 
that has flown on two space shuttle flights to date. The PDP carried a 
complement of fourteen instruments, including a cold cathode ionization gauge, 
that measured various plasma parameters. Data were taken in the payload bay 
and on the Remote Manipulator System (RMS) arm on both flights and as a 
free-flying satellite on its most recent shuttle flight. 

The PDP first flew on STS-3 (Space Shuttle Columbia) as part of the 
Office of Space Science's first payload (OSS-1) from March 22-30, 1982. 1 The 
pressure gauge on that flight obtained approximately 100 hours of neutral 
pressure measurements from two locations— in the payload bay and on the RMS 
arm up to 15 meters (~ 50 feet) from the Orbiter. Neutral pressure results 
from that flight can be found in Shawhan et al. 2 and Shawhan and Murphy. 3 

The PDP * s second flight was on STS-51F X Space Shuttle Challenger) as 
part of the Spacelab 2 (SL-2) payload from July 29-Aug. 6, 1985. 4 On this 
flight the pressure gauge obtained only 3 hours of data on the first day of 
the mission due to a mechanical failure in the gauge electronics box which 
occurred 7.5 hours after launch. However, these data were obtained during a 
time in which other instruments were being activated, the payload bay was 
still outgassing and two OMS burns occurred. For these reasons, these data 
are vital in understanding the neutral pressure environment of the space 
shuttle early in a mission* 
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INSTRUMENTATION 

The vacuum measurement system on the PDP utilizes a cold cathode 
magnetron gauge similar In configuration to the Redhead magnetron gauge 
developed in the late 1950's* 5 The gauge aperture contains a baffle to 
prevent ram effects of neutrals and ions. A six-inch extension tube is added 
to the aperture to allow access to the orbiter payload bay pressure 
environment outside of the PDP skin. The gauge works on the principle that a 
discharge current in a transverse magnetic field is dependent on the pressure 
of the gas. The gauge transforms the vacuum input signal Into a 0-5 volt 
output signal which is proportional to the logarithm of the input pressure. 

The range of the instrument on SL-2 was from 10~ 7 to 10" 3 Torr, of equivalent 
nitrogen pressure. The sampling frequency of the pressure gauge on SL-2 was 
20 Hz. 

Since all of the data that are presented in this paper were obtained 
while the PDP was located in the payload bay, it is important to know the 
orientation of the pressure gauge. Figure 1 shows the PDP in its stowed 
(i.e., pallet) configuration. As can be seen, the pressure gauge tube is 
located near the bottom of the spacecraft and points in a direction midway 
between starboard and aft of the Orbiter. The extension tube exits the PDP 
skin 45° to the radial direction. The tube aperture is only 1/2 inch from the 
PDP skin at its closest point. Figure 2 shows the location of the PDP within 
the SL-2 payload. It is obvious from this figure that other experiments 
closely surround the pressure gauge. In fact, the pressure gauge looks 


5 

directly at the Infrared Telescope (IRT) instrumentation, which is located 
only a few inches from the PDP structure. This is in contrast to the pressure 
gauge on OSS-1 which had an open field of view in the middle of the pallet 
where no other instrument was mounted close to it. 
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NEUTRAL PRESSURE RESULTS 


Orbit-Related Effects 

A plot of the 3 hours of neutral pressure data obtained by the PDP cold 
cathode ionization gauge on Spacelab 2 is shown in Fig. 3. This plot shows 
neutral pressure in Torr (equivalent N 2 ) vs. time. The time of this plot, which 
begins about 4.5 hours after launch, is from 0130 to 0430 GMT on day 211 of 1985. 
The pressure gauge actually received power at the time the spacecraft was powered 
up at 0039 GMT. However, it did not begin to ionize until 50 minutes later. The 
possible reasons for this will be discussed below. 

One feature to note in Fig. 3 is the rise in pressure from a low of about^i 
1.5 x 10 -6 Torr that begins shortly before 0300 GMT. At this time the payload 
bay is rapidly rotating into the ram of the gas flow, reaching maximum ram at 
0302 GMT, and then gradually rotating out of it as indicated by the angle of 
attack in Fig. 3. The angle of attack is defined as the angle between the -Z 
axis of the orbiter (up from the payload bay) and the velocity vector. Thus, 
maximum ram is obtained at an angle of attack equal to 0 degrees and deep wake 
at 180 degrees. During the ram event centered at 0302 GMT, the pressure is seen 
to rise rapidly and then gradually decrease to its previous level during this 
time, indicating a dependence on the direction of gas flow with respect to the 
payload bay. The rise actually begins to occur during a one-minute interval of 
lower pressure which will be explained in the next section. The PDP is in wake 
at 0203-0206 GMT but this wake appears to have no significant effect on pressure. 
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The entire payload bay is briefly in a deep wake condition (i.e., angle of 
attack equal to 180 degrees) around 0250 GMT, but once again no significant 
effect is noted. 

It is also evident that there is some outgassing in the payload bay 
since ambient pressure for an altitude around 300 km would be < 10“ 7 Torr and 
contributions from ram flow would only increase the pressure to about 
1 x 10~ 6 Torr. Also evident are the brief, random one order of magnitude 
increases in pressure to about 2 x 10“ 5 Torr throughout the plot. These 
increases are believed to be due to outgassing in the gauge itself. This 
effect was also seen on the 0SS-1 flight 3 and during thermal -vacuum testing 
prior to the SL-2 launch. 

There is also an indication in Fig. 3 that the neutral pressure in the 
payload bay is slightly less on the night side than on the day. For example, 
the slight rise in pressure (approximately 50%) seen at 0350 GMT is probably 
attributable to the shuttle entering daylight. 

Payload-Related Effects 

One of the more striking features of the plot shown in Fig. 3 is a 
periodic variation in pressure which begins at 0216:44 GMT. At this time the 
pressure is seen to rise, thus beginning a cycle of 20 minutes at a higher 
pressure and 1 minute at the lower pressure which was being recorded before 
the cycle began. Subsequent to the flight it was discovered that at about 
0216:00 GMT the Cosmic Ray Nuclei Experiment (CRNE) of the University of 
Chicago, which is shown in Fig. 2, began a gas purge which consisted of 
releasing a mixture of 80% N 2 and 20% CO 2 for 20 minutes, pausing for 
1 minute, and then releasing the gas for another 20 minutes, and so on. The 
amount of gas being released was about 500 liters per hour. Its composition 
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changed from the N 2 , CO 2 mixture to a mixture of 15% CH 4 , 25% Xe, and 50% He 
with a time constant of about one hour . 6 Before the CRNE release we assume 
that the gaseous environment of the payload bay is predominantly water based 
on measurements taken by an ion mass spectrometer mounted on the PDP on 
SL-2 7 . Summers 8 states that the relative sensitivity of H 2 O normalized 
to N 2 is 0.97 over the pressure range 10 ~ 7 to 10 ~ 5 Torr for a cold cathode 
ionization gauge. Therefore, when the CRNE release, consisting primarily of 
N 2 » begins, we expect to see a maximum increase in pressure of 3% due to the 
gauge’s greater sensitivity to N 2 than ^0. Since the increase (about 150%) 
is, in fact, quite large, we know that the CRNE release has a marked effect on 
the payload environment. 

If the payload bay environment is not dominated by water as reported in 

Reference 7, but instead consists primarily of atomic oxygen as expected at 

shuttle altitudes, then a lower limit on the pressure increase due to the CRNE 

release can be derived. Since the sensitivity of the gauge to atomic oxygen 

is not given in Reference 8 , we can arrive at an approximate value based on 

0 

the data given by Summers and the ionization cross sections published in the 

g 

literature. Redhead et al. state that provided the ions, which are produced 
within the gauge, are formed with zero kinetic energy, the relative gauge 
sensitivities should be nearly proportional to the magnitude of the ionization 
cross-sections near their maximum (approx. 100 eV electron energy). Assuming 
this to be the case, the sensitivity of the gauge to atomic oxygen woul»d be > 
0.5. This implies that the increase in pressure due to the CRNE release is 
only around 50% rather than 150% for the case of a water-dominated 


environment . 
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At least two other experiments on SL-2 - the Infrared Telescope (IRT) 
from the Smithsonian Astrophysical Observatory and the Super Fluid 
Helium Experiment (SFHE) from the Jet Propulsion Laboratory - were steadily 
venting helium at the sill of the Orbiter payload bay at the rate of 
20-30 mg/s (approximately 0.4-0. 6 liters/h at STP). The relative sensitivity 
of He normalized to N 2 for this gauge is 0.15.® The effects, if any, from 
helium ventings cannot be determined. 

Another effect on the pressure which we believe may be due to one of 
the other experiments located in the payload bay is shown in Fig. 4. This 
plot covers 30 minutes from 0200 to 0230 GMT on day 211. At about 0205 GMT we 
see a square wave pattern in the data with a period of about 3.5 minutes. At 
about 0216:00 GMT the square wave begins to look more like a rectified sine 
wave with a period of about 0.5 minutes. (Note that the jump at 0216:44 GMT is 
the result of the CRNE gas purge.) We considered the possibility that the 
scanning IRT, which is located very close to the pressure sensor, is the cause 
of this effect, however, available data appear to rule this out. The drop to 

zero output seen at 0204 GMT is probably an indication of the impending 
mechanical failure. 

Orbiter-Related Effects 

Figure 5 shows the effects of two types of chemical releases associated 
with thruster activity on the Orbiter — a continuous firing of two vernier 
thrusters, which take place over about 1.1 seconds, and an Orbital Maneuvering 
System (OMS) burn. The effect of the 0MS-3 burn, which was used on SL-2 to 
circularize the orbit at approximately 325 km altitude, begins at 0230:27 GMT 
during daylight, lasts for about 35 seconds, and is directed antiparallel to 
the velocity vector. This burn raises the neutral pressure by about a factor 
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of 2 up to 7 x KT 6 Torr. Once the OMS engines are shut off, the pressure 
returns to its previous level after only 3 to 4 seconds. Acceleration data 
from the SFHE experiment 10 show a sharp drop at 0231:01.0 GMT until about 
0231:01.7 GMT and then an exponential decay which approaches zero at about 
0231:05 GMT, which is consistent with the pressure data. The reason for the 
pressure spike (lasting about half a second) at the beginning of the burn is 
not known. However, the post-mission flightcrew report states that 
exceptional ignition transients were associated with all OMS burns on STS-51F 
with the exception of the final deorbit burn. The ignition transient was 
termed a "hard light 11 by the crew and was manifested by larger than normal 
acceleration at the beginning of the burn. The report states further that 
Johnson Space Center has been unable to confirm this effect or show a cause for 
it. It is possible that the momentary sharp pressure increase to 10 5 Torr 
seen at the beginning of the OMS-3 burn is related to the effect reported by 
the crew. 

Another OMS burn which occurs at 0322:17 GMT during nighttime (not 
shown in Fig. 5) and which is directed antiparallel to the velocity vector over 
Millstone Hill Observatory in Westford, Massachusetts also raises the pressure 
by about a factor of 2 over its pre-burn level. The pressure spike is also 
present at the beginning of this burn. We are not able to determine the 
recovery time associated with this burn since there is a data dropout which 
begins in the middle of the burn and lasts well past engine shut off. During 
the two OMS burns just discussed, both OMS engines were fired, each of which 
has a thrust of 26,688 N (6,000 lb) and burn at a rate of about 85.27 N/s 
(19.17 Ib/s) using a propellant of monomethylhydrazine (MMH) as fuel and 
nitrogen tetroxide (N2O4) as an oxidizer. 
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The Reaction Control System (RCS) thruster firings pointed out at 
0229:38 GMT in Fig. 5 are vernier thrusters which have a thrust of 111 N 
(25 lb.) and use a propellant of MMH/N 204 * The effect of this series of 
continuous firings is to raise the neutral pressure in the vicinity of the 
payload bay by only a small amount. A more detailed analysis of all thruster 
tilings which occur during the time in which pressure data were taken was done 
in order to determine whether specific thrusters affect the pressure more than 
others. We ascertained that no primary RCS thrusters, which have a thrust of 
3870 N (870 lb.), were fired during the 3 hours of interest. That leaves only 
six vernier thrusters. Two of them are located in the nose section of the 
Orbiter and have thrust vectors that point down and slightly starboard or port 
(F5R, F5L) • The remaining four are in the RCS pods in the tail section of the 
Orbiter. Two of these four are located on the starboard side and point in 
the starboard (or +Y) direction (R5R) and down along +Z (R5D) • The other two 
in the tail section are on the port side of the Orbiter and point in the port 
(or -Y) direction (R5L) and down along +Z (LSD). 

Figure 6 is 2— minute plot which shows two sets of vernier thruster 
firings. Notice that at 0202:22 GMT the continuous firing of two vernier 
thrusters in the back of the Orbiter for a period of 2.8 seconds has a 
noticeable effect on the pressure, whereas the continuous firing of one 
forward and one aft verniers for a period of 2.1 seconds has no effect. 

Our analysis of all thruster firings from 0130 to 0430 GMT on day 211 shows 
that all vernier thruster firings from the back of the Orbiter which involve 
thrust vectors that are directed down along the Orbiter +Z axis (R5D, L5D) 
produce similar effects on neutral pressure as those shown in Fig. 6 at 
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0202:22 GMT. Vernier thruster firings from the front directed down and 
slightly out (F5R, F5L) and from the back directed along the +/-Y axes (R5R, 
L5L) have little or no effect on the neutral pressure as shown in Fig. 6. 

Other factors which may be important in the study of thruster— firing 
effects are discussed in the next section. More details on the thrusters and 
their effects on the ionosphere during the OSS-1 flight are provided in Refs. 
12 and 13. 

Finally, an Orbiter water dump which begins at 0414 GMT (see Fig. 3) 
and continues for about 40 minutes may be the cause of the slight increase in 
pressure seen at about that time. However, due to the fact that the angle of 
attack has significantly started to decrease and the pressure increase is so 
slight, no definite conclusions can be drawn. 
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DISCUSSION AND CONCLUSIONS 

The unusually long time taken for the pressure gauge to begin to ionize 
(about 50 minutes) may be related to several factors, such as the length of 
time it was stored at sea level, the temperature at which it is powered up and 
the degree to which it has been contaminated during preflight testing. The 
PDF was at sea level for a considerable length of time due to its integration 
into the SL-2 payload at Kennedy Space Center over a year prior to launch. 

The temperature of the deck on which the pressure gauge is mounted was about 
20° C at the time it was powered up on orbit so temperature was probably not a 
factor. One of the biggest factors could have been the fact that the pressure 
gauge was not cleaned after the completion of all preflight testing and prior 
to launch. Thus, it is possible that contamination may have contributed to 
the delay in onset of ionization. 

Neutral pressure in the payload bay depends to a great extent on the 
orientation of the gas flow to it and to a lesser extent on the day/night 
conditions prevailing at the time. SL-2 results show slightly higher 
pressures during daytime than nighttime, which is in accord with the MSIS-83 
atmosphere model, 15 and enhancements in the pressure under ram conditions. 

The wake conditions which were encountered produce no significant effects on 
the pressure probably due to payload bay outgassing. OSS-1 results show a 
definite modulation in the pressure from ram to wake conditions. 2 * 3 This 
effect has also been reported by Yanagisawa et al. 15 from measurements 
obtained by a BN-type ionization pressure gauge which was part of the SEPAC 
investigation flown on Spacelab 1. 
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A relation is given by Hedin et al. 17 for determining ram pressure for 
a gauge consisting of an enclosure within a rocket with a small entrance hole 
or oriface. Hedin et al. 17 state that if the diameter of the entrance hole is 
large compared to the length of the hole, but small with respect to the mean 
free path of the gas, and the gas in the gauge comes to thermal equilibrium 
with the walls of the gauge, the result is: 

n - n ( T a/T ) ^ F(S) (1) 

g a g 


where 

ng ■ number density of particles in the gauge 
n a - ambient particle number density 
Tg - temperature of the gauge walls 
T a ■ ambient temperature 

F(S) - exp(-S 2 ) + Sir 1 / 2 (1 + erf S) (2) 

where 

S - V/C pa 

V ■ component of rocket velocity normal to gauge opening 
C pa “ most probable speed of ambient particles 


The significance of equation (1) is that the number of particles 
entering the gauge per unit time is equal to those leaving. Substituting 
gauge pressure, Pg, and ambient pressure, P a , for ng and n a respectively, in 
equation (1) we obtain 


P 

g 



F(S) 


(3) 
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For the one maximum ram condition on SL-2 (0302 GMT) we ran the MSIS-83 
atmospheric model 15 and found that P- M 7.7 x 10 -8 Torr, T a - 894 K and C„ a * 
1*07 km/sec. At 0302 GMT, Tg ~ 293 K and V * orbiter velocity normal to the 
payload bay * 7.8 km/sec* Substituting these values in equation (3) gives 
Pg “ 3.5 x 10” 6 Torr, which is in good agreement with the SL-2 data. In 

applying equation (3) to the orbiter, it is assumed that the oriface is the 
payload bay. 

The enhancement under ram conditions is most likely primarily related 
to the fact that under ram conditions there is a great increase in the number 
of atmospheric molecules in the vicinity of the payload bay which are 
reflected from various Orbiter and instrument surfaces at thermal velocities 
corresponding to the temperature of the bay. 1 ^**^ A much smaller contribution 
may come from the erosion of materials due to atomic oxygen bombardment. 

Outgassing in the payload bay and ram flow to the bay as discussed 
above cause the neutral pressure in the bay to be elevated to a few times 
10 ^ Torr early in the mission. Shawhan et al.^ state that it took nearly 24 
hours for the payload bay to outgas to the ambient level on OSS-1. Koch 14 
reports that pressure measurements obtained by an identical pressure gauge to 
the PDP s as a part of the IRT investigation on SL-2 are around an order of 
magnitude higher than the PDP’s. However, the IRT pressure gauge, including 
sensor, were located inside a box that had only a two-inch diameter opening 
at the top. Due to the greatly decreased volume of this box compared to the 
relatively openness of the payload bay and the outgassing within the box 
itself, it is expected that the IRT gauge would obtain consistently higher 
pressure measurements than the PDP gauge. Scialdone^ derived an equation for 
open bay pressure as a function of time based on previous measurements from 
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the payload bay. The pressure for open bay is: 

P g (t) - 1.3 x 1CT 5 t" 1 (Torr) , (4) 

where t is in hours and greater than 0240 MET (Mission Elapsed Time). The data 

shown in this paper appear to follow this relationship until the CRNE gas 

1 9 

purge begins. Scialdone states that the outgassing pressure will vary 

depending on temperatures of outgassing materials, which are related to the 

angle of the payload bay to the sun and length of time at that angle. 

Experiments which release gas in the operation of their instruments can 

and do affect the neutral pressure environment in the payload bay. These gas 

releases, together with outgassing of the payload bay and ram flow pressure 

enhancements early in a shuttle mission, can lead to a substantial increase 

in the neutral pressure over ambient. 

Orbiter OMS burns on SL-2 are shown to increase the neutral pressure in 

the payload bay by a factor of 2. A review of PDP pressure gauge data from 

OSS-1 shows no increase in pressure during the two OMS burns which occur late 

in the mission. However, these two burns are performed under ram conditions 

which produce higher pressures than those shown to be associated with OMS 

burns. Further, the pressure spikes seen at the beginning of the SL-2 OMS 

burns are not present at the beginning of the OSS-1 burns. However, the 

sampling frequency was only 1 Hz on the earlier flight. Thus, if these sharp 

pressure increases, which last about 0.5 seconds, are present, they would 

2 0 

probably not be evident in the data. Narcisi et al. report results similar 
to those shown in this paper for OMS burns. Their instrument, a quadrapole 
mass spectrometer flown on an early shuttle flight, shows the spike at the 
beginning of the burn, a pressure pulse of about 10” 6 Torr and a return to 
background in 1-2 seconds. 
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Although no primary thrusters are fired during the time of interest on 

SL-2, it is important to mention them in light of the fact that they can 

affect neutral pressure more than an OMS burn. The L2U primary thruster 

fifing sequence which occurs during the OSS— 1 flight raises the pressure to 
—4 2 3 12 

3 x 10“ Torr » » • This sequence consists of the pulsed firing of 2 

primary thrusters in the back and the continuous firing of one in the front, 
all of which have thrust vectors which point up (parallel to the Orbiter -Z 
axis) . 

Even though the emission rate for the OMS firing is twice as great as 
for the combination of the three up-firing primary thrusters, the OMS burn on 
SL-2 causes the pressure in the payload bay to rise to a value which is at 
least 1 1/2 orders of magnitude less than that for the L2U primary thruster 
sequence test. There are several factors which probably contribute to this. 
The L2U sequence takes place when the payload bay is in the wake of the 
orbiter. There is probably some reflection of the thruster plumes of the 2 
primaries in the back off of the vertical stabilizer. Further, the PDP is 
closer to the primary thruster plumes than to the OMS plumes, thus being in a 
better position to see any backscatter from the plumes and their interactions 
with each other. Finally, the PDP is in a more open environment during the 
L2U event on OSS-1. 

A summary of the questions which must be given consideration in order 
to adequately analyze the effects from any thruster firings are the following: 
1. Is the payload bay in wake or ram? If it is in wake, any 
measurements which are made during thruster firings will 
probably show a much greater pressure increase in a relative 
sense than at non-wake times due to the lower background 
pressure in the wake. If it is in ram, effects may not be seen 
at all if the ram pressure is extremely high. 
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2. What is the location of the pressure gauge with respect to 
each thruster? The closer the gauge is to the thruster and its 
exhaust plumes, the greater the possibility of recording an 
effect due to backscatter from the plume- This means that the 
emission pattern of the plume is also important. For instance, 
the exhaust plume of the primary thrusters is much broader than 
that of the verniers. Coupled with this is the fact that 
certain thruster plumes are reflected into the payload bay by 
various Orbiter surfaces, such as the wings, elevons and 
vertical stabilizer. Another important consideration is the 
presence of barriers and obstructions between the pressure 
gauge and the thruster which may tend to hinder the gauge’s 
ability to detect an effect. 

3. What is the direction of the velocity vector with respect 
to the thrust vector? Although no one has yet done a thorough 
study of this, the possibility exists that a thruster fired 
upstream of the Orbiter may have a different effect then one 
fired downstream. If such an effect was detected for a 
thruster fired upstream, it would most likely be a second order 
effect. Although the velocity of the Orbiter is much 
greater than the thruster exhaust, the thruster plume interacts 
with the environment on a much faster timescale. 

4. How many thrusters are firing simultaneously? In the case 
of vernier thrusters it is most often the case that two or 
three will fire simultaneously throughout a given period of 
time. This being the case, it is very difficult to determine 
the effects due to any one thruster. Thus, it is often 
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necessary to study the effects of groups of thrusters, such as 

the down-pointing ones. In this connection it has been 

2 1 

reported by Wulf and Von Zahn that there is some evidence 
that the simultaneous firing of several vernier thrusters 
produces higher signals than would be calculated for the sum of 
the individual contributions. Primary thrusters are more 
likely to be fired one at a time, however, they are not used as 
extensively on orbit as verniers and so the study of their 
effects may be limited. 

In our analysis of vernier thruster firing effects on neutral pressure, 
the following conclusions are drawn based on the above: 

!• ^ general, vernier thruster firings are only minor 

perturbations to the pressure. Although we have no examples of 
firings while the payload bay is in wake, the ones which were 
made while in ram show a very small enhancement in pressure. 

2. The fact that we see effects from only downward— pointing verniers 
(along +Z ) in the back is probably due to the thruster plume impinging 
on Orbiter surfaces, such as the body flap, elevons , main engines, 
etc. , and thus being reflected into the payload bay. The two forward- 
mounted vernier thrusters have a relatively unobstructed path in the 
primary direction of the expanding thruster plume compared to the aft 
verniers, which could partially explain why we see little or no effect 
on neutral pressure during those firings. In addition, the location of 
the pressure gauge on SL-2, well down in the center of the payload bay 
near other structures, may have been another factor particularly in the 
case of the aft sideways-pointing verniers whose plumes can be 
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reflected off the wings. It is not possible to do a thruster direction 

dependence analysis on the OSS-1 data set since the sampling frequency 

was only 1 Hz. However, the SL-2 thruster direction dependence results 

with regard to forward and aft downward-firing verniers are certainly 

2 1 

borne out by Wulf and von Zandt, from neutral mass spectrometer results 
from the SPAS-01 subsatellite on the STS-41B flight, and by Narcisi et 
al. on an early shuttle flight. Their results for these thrusters 
differ from the SL-2 results only in that the effects they see are 
substantially greater. In addition, they see effects from port and 
starboard firing verniers which may be due, in part, to their instruments 
being located in a more advantageous position with respect to these 
thrusters than the SL-2 pressure gauge. 

3. No conclusions can be drawn with regard to the relationship 
of the velocity vector to the direction of thrust since the 
data set is limited. 

4. No conclusions can be drawn with regard to the effects of 
one thruster firing versus several firing simultaneously since 
single firing events were not available. 

A definitive conclusion as to whether Orbiter water dumps affect the 

neutral pressure in the payload bay cannot be made since enough cases under 

varying conditions have not been tested. The data seem to indicate, however, 

1 3 

that the effect, if any, is minimal. As reported by Pickett et al., neutral 

pressure readings on OSS-1 are slightly greater with water being dumped than 

20 , 

without it when the payload bay is in wake. Narcisi et al. report there is 
no increase in neutral pressure during a water dump. 
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Finally, a comment is in order with regard to the magnitude of effects 
seen by the SL-2 pressure gauge versus those seen by other pressure monitors 
on this and other shuttle flights. Effects of thruster firings seen by the 
PDP pressure gauge are less in magnitude than those seen on previous shuttle 
flights. This could be related to a number of things such as location of the 
sensor in relation to other instruments, Orbiter altitude and attitude, and 
degree of outgassing in the payload bay. In fact, had the PDP pressure gauge 
on SL-2 been able to obtain measurements later in the flight when outgassing 
m the payload bay had decreased significantly, the relative effects of 
thruster firings, OMS burns, and payload bay into ram may have been much 
greater although the absolute magnitude may have remained about the same due 
to the gauge’s location in the bay. Further measurements on future space 
shuttle flights need to be made in order to adequately quantify the various 
effects on neutral pressure seen as a result of Orbiter and payload 


operations* 
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FIGURE CAPTIONS 

Fig. 1. The Plasma Diagnostics Package subsatellite with neutral pressure 
gauge aperture pointed out. 

2. Layout of the Spacelab 2 pallets showing the location of the PDP in 
relation to the other instruments. 

Fig. 3. Three-hour neutral pressure plot from early in the Spacelab 2 
mission. 

Fig. 4. Neutral pressure changes on a short time scale possibly related to 
another experiment. 

Fig. 5. Effects on neutral pressure of Orbiter gas releases. 


Fig. 6. Comparison of verneir thruster firing effects on neutral pressure. 
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Abstract 

During the Spacelab-2 mission of July, 1985, electron beams (1 keV, 
50-150 mA) pulsed at ELF and VLF frequencies were emitted from 
the Space Shuttle Orbiter. The wave fields generated by the beam 
were monitored by a Plasma Diagnostics Package (PDP), which was 
released as a free-flying sub-satellite during a six hour period. 
Measurements of the Orbiter potential and the return current during 
beam emissions were obtained from a Charge and Current Probe 
(CCP) mounted in the payload bay. Results from the PDP and CCP are 
presented. 


1. INTRODUCTION 

Some effort in recent years has gone into the study of the radiation 
generated by pulsed electron beams emitted from space platforms 
[Bush et al., 1987; Reeves et a!., 1988; Winckler et at., 1985; 
Holzworth and Koons, 1981], The background for this interest is 
partly the possibility that pulsed beams may replace conventional 
antennas in space for communication purposes. An issue which must 



be addressed when considering this option is the charging of the 
space platform during beam emissions and the formation of a region 
of enhanced negative space charge close to the beam nozzle. These 
effects are important to understand because they may limit the 
amount of beam current escaping the platform and distort the beam 
coherence. In the Space Experiments with Particle Accelerators 
(SEPAC) flown on the Spacelab-1 Shuttle mission, for instance, it 
was found that when the main thruster engine bells were in the 
wake (they constitute the largest conducting area of the Orbiter), 
the Orbiter may have charged to the beam potential of 5 keV when 
the beam current exceeded 100 mA, thereby partly inhibiting the 
beam from escaping the Orbiter [Sasaki et al., 1986]. 

Recent numerical simulations show that when the electron beam 
density exceeds the ambient plasma density, a negative space charge 
may build up in a region close to the beam nozzle. This will reflect a 
portion of the beam electrons and greatly distort the escaping 
portions of the beam [Pritchett and Wingiee, 1987]. 

The questions of spacecraft charging and loss of beam coherence are 
addressed in the paper by means of observations made during the 
Spacelab-2 mission of the Space Shuttle Orbiter. The observations 
include Orbiter charging and return currents during electron beam 
emissions and wave fields generated by pulsed and continous beams. 

Spacelab-2 was launched into an almost circular orbit with a 
nominal altitude of 325 km and an inclination of 49.5°. A Fast Pulse 
Electron Generator (FPEG) was mounted on the port side of the 
Orbiter. The beam energy was 1 keV and the beam current could be 
set to 50, 100, or 150 mA by selecting a combination of two 
separate electron sources. The beam could be emitted in a continous 
mode (DC) or in a pulsed mode (AC), where the beam current was 
almost perfectly square-wave modulated with a nominal pulse rise 
time of 10-7 s. 


A Charge and Current Probe (CCP) was mounted on the starboard side 
of the payload bay. The Charge Probe has a conducting surface 
covered by a dielectric layer, and it measures changes in the 
potential induced across the dielectric layer. The Current Probe 
measures the current flowing through a gold plated surface and is 
mounted next to the Charge Probe. The FPEG and the CCP were part of 
the Vehicle Charging and Potential experiment (VCAP), which was 
also flown on STS-3/OSS-1. It is described in more detail in Banks 
et at. [1987]. 

A Plasma Diagnostics Package (PDP) was stored in the payload bay. 
During a six hour period the PDP was released as a free-flying 
satellite to co-orbit at distances up to 300 m from the Shuttle. The 
PDP carried an array of plasma diagnostics equipment, including an 
electric dipole antenna and a magnetic search coil. The antennas 
were connected alternately for 52.2 s to the wide-band wave 
receiver. The receiver scanned a 30 kHz frequency range by selecting 
10 kHz bands in the following order: 0-10 kHz (25.6 s), 20-10 kHz 
(12.8 s), and 20-30 kHz (12.8 s). The receiver output was controlled 
by an Automatic Gain Control system (AGC), which ensured a 100 dB 
dynamic range and a roughly constant output level. The output was 
telemetered in analog form and was later digitized at 25 kHz. In 
addition, the antennas were connected to a number of filterbank 
receivers with a coverage in frequency from 31 Hz to 800 MHz. For a 
description of the PDP instruments, see Shawhan et al. [1984]. 


2. OBSERVATIONS 

2.1 Orbiter Charging and Return Currents 

We have attempted to correlate the measurements of the CCP during 
DC electron beam emissions with the ambient ionospheric densities. 
This imposes a problem since the interactions between the Shuttle 
Orbiter and the ionosphere frequently prevent accurate 



measurements of ambient plasma parameters from the payload bay 
[Siskind et al., 1983; Raitt et al. , 1984; Grebowsky et al., 1987]. 

During the the Spacelab-2 mission, the only in situ measurements of 
the plasma density away from the plasma perturbations associated 
with the Orbiter were performed during a 6 hour period when the 
PDP became a free-flying satellite. For other times of the mission, 
we must rely on values of the ambient density predicted by the 
International Reference Ionosphere ( I R I) model [Bilitza, 1986]. The 
accuracy of the IRI model has been assessed by comparing its 
predictions with the measurements from a Langmuir probe on the 
PDP during the 6 hour free-flight. It was found that the predicted 
values of the density were, in general, higher than the measured 
ones, at times up to an order of magnitude higher, but that the 
general trend of day/night variations etc. was captured well by the 
model. Much of this difference can be attributed to the fact that the 
PDP measurements were made during a period of general 
magnetospheric disturbance with Kp » 5+ at the time of the PDP 
release. Deep electron density troughs were seen at high magnetic 
lattitudes, while the plasma density at the geomagnetic equator 
dropped below 10^ cnrr3. These features tended to become less 
visible as time went on in the PDP free-flight period. 

With this caution in mind, results from the Charge Probe are shown 
in Figure 1 as function of ambient plasma density as predicted by 
the IRI model. The figure shows a summary of the Charge Probe 
measurements during all DC 'beam emissions performed during the 
Spacelab-2 mission [Hawkins, 1988]. For high ambient plasma 
densities the charging level of the Orbiter is low, while for low 
densities the Orbiter charges to high levels. The charge probe does 
not give absolute measurements of the Orbiter potential, but rather 
a measurement of the potential drop across a dielectric surface 
covering the probe. For low charging levels and thin potential 
sheaths, the probe measurement is close to the vehicle potential, 
while for higher potential levels and extended sheath regions, the 


probe generally measures a potential which is lower than the vehicle 
potential. 

A threshold in the ambient plasma density for which the Orbiter 
charges to high levels can be estimated from Figure 1. This is about 
3 xIO 5 cm- 3 for 100 mA beam current and 1.5 xIO 5 cm- 3 for 50 mA 
current. If we consider the threshold density to be the density at 
which the thermal electron current from the ionosphere balances the 
beam current, then we find the effective current collecting area of 
the Orbiter to be about 42 m 2 for an electron temperature of 1000 K 
[Hawkins, 1988]. This area is comperable to, but somewhat larger 
than, the area of the main engine bells which have a surface area of 
about 30 m 2 . They constitute the largest, but not all, the current 
collecting area of the Orbiter. We thus interpret the threshold seen 
in the charging level as the ambient plasma density level at which 
the electron thermal current equals the beam current. At lower 
densities the Orbiter has to charge to high potentials in order to 
draw a sufficient return current. 

Figure 2 shows Current Probe measurements during DC beam 
emissions as function of ambient plasma density predicted by the 
IRI model. Also shown is the electron thermal current that can be 
drawn to the probe for temperatures of 1000 K and 3000 K. Data 
show that the current to the probe depends on the Orbiter attitude. 
This is an ion wake phenomena, since the Orbiter velocity, Vs, is 
about 7.8 km/s, which is much larger than the ion thermal velocity 
(about 1 km/s). Thus the current to the probe varies greatly from 
ram to wake conditions [Raitt et at., 1984; Grebowsky et a!., 1987]. 
Furthermore, the probe potential is shifted by the (Vs x B)*L 
induced potential, where L is a vector pointing from the engine bells 
to the probe and B the earth's magnetic field. The potential shift is 
generally less than 5 V, which is enough to influence the electron 
current to the probe. The ion current is less affected since the ion 
energies seen from the reference frame of the Orbiter have energies 
larger than 5 eV [Raitt et a!., 1984]. 



In order to remove the obvious attitude bias in the Current Probe 
results, an Orbiter attitude called the airplane mode was selected. 
In this mode, the Shuttle orbits in the same manner as an airplane 
flies, and the wake structure around the Orbiter is constant. 
Furthermore, in this mode the (Vs x B)-L induced potential is 
always small. The result of selecting data from observations during 
the airplane mode is shown in Figure 3. The probe current increases 
with ambient plasma density in a roughly linear fashion and seems 
independent of the emitted beam current. This trend in the data is 
important since it indicates that the beam does not fully escape the 
Orbiter. Rather it appears that the fraction of the beam that escapes 
is proportional to the ambient plasma density. 

2.2 Wave Fields 

During the course of the 6 hour period when the PDP was free-flying, 
care was taken to permit the PDP and the Shuttle to have two 
magnetic conjunctions per orbit. The trajectory of the PDP relative 
to the Orbiter during the fourth conjunction is shown on the top 
panel of Figure 4, with tick marks for every one minute of flight. The 
vertical axis is the distance to the PDP measured along the earth's 
magnetic field, and the horizontal axis the distance perpendicular to 
the field. A pulsed electron beam sequence was started at 
approximately 04:11 UT and lasted for about 7 min. The beam current 
was 100 mA and the beam was square-wave modulated at 1.22 kHz 
with a 50% duty cycle (beam on time equals beam off time). The 
period of beam emission and the antenna switching pattern of the 
wide-band wave receiver is indicated by shaded areas. 

The Orbiter attitude was adjusted during this sequence so that the 
initial velocity of the beam electrons was always directed towards 
the PDP. The variation of the beam pitch angle is shown on the 
bottom panel of Figure 4. 

The conjunction occurred during nighttime. The ambient plasma 
density, estimated from the measurements of the Langmuir probe on 


the PDP, was 3.2 x 10 4 cnr3 [D'Angelo, personal communication], 
corresponding to a plasma frequency of 1.6 MHz, and the electron 
gyrofrequency varied from 560 kHz to 600 kHz. Assuming the 
ambient ion population consisted mainly of 0 + , the lower hybrid 
frequency varied from about 3.1 kHz to 3.3 kHz. 

An example of the magnetic field observed by the search coil on the 
PDP is shown in Figure 5. The relative signal intensity (the AGC is 
not incorporated here) is color coded showing the fundamental and 
odd harmonics of the 1.22 kHz modulation frequency as horizontal 
lines. The first half of the panel, 0-25 s, the bandwidth is 0-10 kHz, 
the following quarter of the panel, 25-38 s, the band is 20-10 kHz, 
with 20 kHz being at the bottom of the frequency scale and 10 kHz at 
the top. The final quarter of the panel presents 20-30 kHz. During 
the time interval shown on Figure 5 the perpendicular distance to 
the beam was about 75 m. 

For comparison, Figure 6 shows the electric field intensity observed 
51.2 s earlier when the PDP was at a distance of about 40 m from 
the beam. As before, emissions are seen at the odd harmonics of the 
modulation frequency in the whole band. However, in addition to 
these coherent emissions, strong broad-banded electrostatic noise 
is also seen. This noise is about 40 dB above the background noise 
level observed prior to the beam emission and partly inhibits the 
detection of higher harmonics in the 0-10 kHz band. 

The amplitude of the harmonics of the beam pulsing frequency have 
been estimated using a pre-flight calibration of the wide-band 
receiver and the AGC. The result of this calibration for the 0-10 kHz 
range is shown in Figure 7 for the three time intervals during the 
pulsed beam emission that the receiver was connected to the 
magnetic search coil. 

The Fourier transform of a square-wave function with a 50% duty 
cycle has vanishing even harmonics and possesses odd harmonics 
with amplitudes that vary with frequency as 1/f. We note that the 
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observed magnetic wave field does have strong odd harmonic 
components while the even harmonics, although present, are almost 
an order of magnitude weaker. This leads us to believe that the beam 
source, at least within the first couple of hundred meters, is able to 
retain much of its square-wave modulated structure (coherence in 
v 1 1 ) , in spite of the low ambient plasma density. 



The electric field amplitudes are shown in Figure 8. At larger 
distances from the beam, the second and third harmonic become 
relatively strong, while the first harmonic is strongly damped. This 
effect may be caused by the change in topology of the wave 
refractive index, which changes at the lower hybrid frequency (3 kHz 
for the experiment). 


During its free-flight, the PDP was spinning with a period of 13 s. 
Both the magnetic and the electric sensors measured a component of 
the wave field perpendicular to the spin axis. This induces a 
modulation of the measured field amplitudes with a period of 6.5 s. 
The modulation is very noticeable in the magnetic field at all 


harmonic numbers and in the electric field for the harmonics with 


frequencies larger than 10 kHz. We expect an analysis of the 
amplitude modulation to give us important clues as to the 
polarization of the fields, and a means to check existing theories for 
wave generation by pulsed electron beams. 


3. DISCUSSION 


Recent numerical simulations ( Winglee and Pritchett, 1988) show 
that an electron beam will be strongly disrupted by the accumulation 
of negative space charge in a region close to the beam nozzle if the 
beam density at injection is much larger than the ambient 
ionospheric density. The formation of such a virtual cathode is found 
to develop if t rp /t s > 0.4, where t rp is the plasma response time and 
t s is the beam stagnation time. The plasma response time is about 
V3/co pe , where co pe is the electron plasma frequency of the ambient 
ionosphere. The beam stagnation time depends on the spacecraft 



size, the beam width and the beam energy and is for Spacelab-2 
conditions in the range 5/co P b to 1 5/co P b, where co P b is the beam plasma 
frequency at beam injection. The FPEG beam density at injection has 
been estimated to be about 3 x 10 7 cm- 3 [Banks and Raitt, 1988] and 
the ambient plasma density during the pulsed flux tube connection 
was about 3.2 x 10 4 cm* 3 . Thus for the the experimental conditions 
we have <D P b/co pe * 30.6, or t rp /t s * 3.5 to 10.6. These values are much 
larger than the threshold value of 0.4, and according to the computer 
simulations we should expect strong beam disruption and 
limitations in the amount of beam current escaping the Orbiter. 

The Current Probe measurements shown in Figure 3 seem to be in 
accordance with the predictions of Winglee and Pritchett [1988]. At 
low ambient plasma densities, the fraction of the beam that escapes 
the Orbiter increases with the ambient density. The voltage 
measured by the Charge Probe during the pulsed flux-tube connection 
was about 40 V, a value in accordence with the results shown in 
Figure 1 for 50 mA beams (100 mA, 50% duty cycle). The Obiter is 
charging to a relatively high potential, because the ambient plasma 
density of 3.2 x 10 4 cm- 3 is lower than the threshold value of 1.5 x 
10 5 cm* 3 for 50 mA beams. As mentioned earlier, the Orbiter 
potential may have been higher than indicated by the Charge Probe. 

However, we are reluctant to draw any firm conclusions on beam 
escape on the basis of the limited dataset presented in Figure 3. The 
return current distribution is probably strongly non-uniform and 
sensitive to small changes in the attitude and magnetic field 
variations. Furthermore, the wave data indicate that that the beam 
retains its coherent structure during the pulsed flux-tube 
connection, with at least a substantial portion of the beam fully 
escaping the Orbiter. 

First, we note that the magnetic component of the coherent signals 
has strong odd harmonic components as compared to the even 
harmonic components, with the amplitude of the odd harmonics 
roughly varying like 1/f. This indicates that the source is basically 



square-wave modulated and that little distortion in the parallel 
electron beam velocity is occurring. 

Second, during the previous magnetic conjunction, a 50 mA, DC beam 
was emitted. It was found that the high frequency wave intensity 
observed by the filterbank had a funnel like appearance in frequency 
time spectrograms and that this feature was consistent with 
whistler waves generated through a Landau resonance with beam 
electrons in a semi infinite beam [Gurnett et ai, 1986]. The 
radiation level was found to be in agreement with the level 
predicted by quasi coherent Cherenkov resonance provided the beam 
electrons have a coherence length of about 7 m [Farrell et ai, 1988]. 
The radiation level of Cherenkov resonance depends strongly on the 
beam coherence length, which in Farrell et al. [1988] was assumed to 
be determined by the wavelength of Langmuir oscillations generated 
inside the beam column. Thus a funnel shaped emission, while 
consistent with the radiation properties of a semi infinite beam 
does not at present allow us to estimate the fraction of the beam 
escaping the near region around the Orbiter. However, the noise level 
indicates that during the DC fluxtube connection a substantial 
fraction of the beam did escape at least out to the 200 m distance of 
the PDP and the Orbiter. The DC fluxtube connection was performed 
at daytime. The ambient density measured from the Langmuir probe 
mounted on the PDP was about 10 5 cm- 3 , which gives t rp /t s = 2 to 6, 
which again is larger than the value of 0.4. The potential measured 
by the Charge Probe was about 3 V or less. 

During the pulsed beam sequence, the high-frequency/time intensity 
plots of the filterbank data also had a funnel shaped feature with an 
intensity comparable to the intensity observed during the DC beam 
emission. This indicates that at least a portion of the beam during 
the pulsed flux tube connection escaped the Orbiter. 

Finally we point out that the intensity of the broad-banded, mainly 
electrostatic, noise observed both at low frequencies by the wide- 
band receiver and at high frequencies by the filterbank, was almost 


the same for the DC and the pulsed flux-tube connections. The 
effective current was the same for the two sequences, 100 mA 
pulsed with a 50% duty cycle and 50 mA DC. The fact that they were 
performed for different ambient plasma conditions, with the Orbiter 
charging to high levels during the pulsed sequence, and low levels 
during the DC sequence, indicate that either the two beams were 
both strongly disrupted, or both escaped the Orbiter largely 
unaffected by space charge effects. The spectral structure of the 
magnetic wave fields and the funnel shaped emissions points to the 
latter option. 

The question of the fraction of the beam current that, in given 
circumstances, can escape a space platform is fascinating, but 
experimentally very hard to solve. Our experience from the SL-2 
experiment indicates that wave measurements may prove to be a 
powerful tool to answer this question, once the power levels 
generated by a beam are more thoroughly understood. We also find 
that a space platform with current probes spread over the surface of 
the platform in a number sufficient to resolve the return current 
distribution may prove to be very helpful. 
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FIGURE CAPTIONS 

Figure 1. Vehicle charging during DC electron beam emissions 
measured by the CCP charge probe as function of ambient plasma 
density estimated from the IRI model. 



Figure 2. Return current during DC electron beam emissions 
measured by the CCP current probe as function of ambient density 
estimated from the IRI model. As a reference is shown the ambient 
electron thermal current that can be drawn by the probe for two 
electron temperatures. 

Figure 3. Return current during DC electron beam emissions for a 
selected Orbiter attitude, the airplane mode. 

Figure 4. On the top panel is shown the trajectory of the PDP 
relative to the Shuttle during the pulsed flux-tube connection. The 
period of beam emission and the wide band antenna switching 
pattern are shown by shaded areas. The bottom panel shows the beam 
angle 9 b with respect to the earth's magnetic field. 

Figure 5. The magnetic field in the frequency range 0-10 kHz, 20-10 
kHz, and 20-30 kHz (see text) as a function of time. The 
perpendicular distance from the beam was about 75 m. 

Figure 6. The electric field the frequency range 0-10 kHz, 20-10 
kHz, and 20-30 kHz (see text) as function of time. The perpendicular 
distance to the beam was about 40 m. 

Figure 7. Amplitude of the harmonics of the beam pulsing frequency 
(magnetic) at three radial distances from the beam. Also shown for 
reference is a 1/f-functional dependance, where f is frequency (or 
harmonic number). 

Figure 8. Amplitude of the harmonics of the beam pulsing frequency 
(electric) at four radial distances from the beam. 
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Abstract . During the Spacelab-2 flight, which occurred from July 29, to August 6, 
1985, a spacecraft called the Plasma Diagnostics Package (PDP) was released from the 
shuttle to explore the plasma environment around the shuttle. The plasma wave 
instrument on the PDP detected a region of intense broadband turbulence around the 
shuttle at frequencies extending from a few Hz to about 10 kHz. The noise has broadband 
intensities ranging from 1 to 5 mV/m and was observed at distances of up to 400 m from the 
shuttle. The highest intensities occurred in the region downstream of the shuttle and along 
magnetic field lines passing near the shuttle. The intensities also tended to increase during 
periods of high thruster activity, which provides strong evidence that the noise is caused by 
an interaction of the ionosphere with gaseous emissions from the shuttle, similar in many 
respects to the interaction of a comet with the solar wind. Antenna interference patterns 
observed in the wideband data show that the wavelength of the turbulence is very short, a 


few meters or less. 
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Introduction 

In this report we describe plasma wave turbulence observed around the shuttle by a 
spacecraft called the Plasma Diagnostics Package (PDP) which was released from the 
shuttle during the Spacelab-2 flight. The PDP was designed and constructed at the 
University of Iowa and is a reflight of the same spacecraft previously flown on the STS-3 
flight [Shawhan et al., 1984a]. On STS-3 the PDP was carried on the remote manipulator 
arm, which restricted the measurements to about 15 meters from the shuttle. The principal 
new feature of the Spacelab-2 flight is that the PDP was released from the shuttle, thereby 
providing measurements at much greater distances. During the free-flight phase of the 
mission, the shuttle was maneuvered to provide two complete fly-arounds of the PDP at 
radial distances out to about 400 meters. The fly-arounds provided measurements both 
upstream and downstream of the shuttle, and along the magnetic Held line through the 
shuttle. In addition to the fly-arounds, a series of maneuvers, called wake transists, was 
performed to survey the wake region directly downstream of the shuttle. 

Included among the various experiments on the PDP was a plasma wave receiver 
designed to measure electric and magnetic disturbances produced by the motion of the 
shuttle through the ionosphere. The results presented here are mainly from this 
instrument. For a description of this and other instruments on the PDP, see Shawhan 
[1982]. The Spacelab-2 mission, which was launched on July 29, 1985, was flown in a nearly 
circular low-inclination orbit with a nominal altitude of 325 km and an inclination of 49.5°. 
The PDP was in free flight for a roughly 6-hour period, from 0010 to 0620 UT on August 1, 


1985. 
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Observations 

An electric field spectrogram showing the plasma wave intensities during the first of 
the two fly-arounds is shown in the bottom panel of Figure 1. The shuttle position relative to 
the PDP is given by the x, y, z coordinates at the bottom of each plot. The + z axis is directed 
downward toward the center of the Earth, the x axis is in the orbital plane with the positive 
axis in the direction of motion, and the y axis completes the right-handed coordinate system. 
The electric field spectral density, E 2 /Af, is indicated by the color code, with blue being least 
intense and red being most intense. The white line labeled f ce is the electron cyclotron 
frequency, which is a basic characteristic frequency of the plasma. The points labeled 1 and 
2 at the top of the spectrogram indicate magnetic conjunctions, which are times when the 
shuttle was maneuvered to intercept a magnetic field line through the PDP . 

The spectrogram shows two types of noise. At selected times during the flight an 
electron gun on the shuttle was used to inject a beam of electrons into the ionosphere for 
purposes of studying beam-plasma interactions. This beam produced the series of whistler- 
mode emissions identified as "electron beam emissions" in Figure 1. These emissions have 
been described in a previous series of papers [Gurnett et al., 1986; Bush et al., 1987; Farrell 
et al., 1988] and will not be discussed further. In addition to the electron beam emissions, a 
broad band of noise can be seen at frequencies below about 10 4 Hz. The magnetic antenna 
indicates no comparable response, so the noise must be electrostatic. The same type of noise 
was detected on the STS-3 mission [Shawhan et al., 1984b; 1984c], and is usually referred to 
as "broadband electrostatic noise." 

As can be seen, the broadband electrostatic noise consists of many impulsive short- 
term variations superimposed on a slowly varying, nearly continuous background. Most of 
the impulsive variations can be associated with thruster firings. For comparison, the rate of 
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gas ejection from the thrusters averaged over one-minute intervals is shown in the top panel 
of Figure 1. Major trajectory correction maneuvers, which typically involve gas injection 
rates of 10 2 to 10 3 gm/sec over periods of 30 sec or more, almost always produce an intense 
burst of broadband noise. Examples of such maneuvers occur near the first magnetic 
conjunction, at 0157 and 0204 UT. In addition to the trajectory correction maneuvers, an 
almost continuous level of thruster activity occurs in association with minor attitude 
corrections. These firings, which have durations of about 80 msec and occur at a rate of 
several per minute, are at least partly responsible for the nearly continuous low level of 
noise that is present most of the time. 

Comparisons of the electric field spectrograms from the two fly-arounds and the wake 
transits indicate that the intensity varies systematically with the position of the PDP 
relative to the shuttle. This dependence is illustrated in Figure 2 which shows the x-z 
projection of the shuttle trajectory relative to the PDP. The solid black dots show the regions 
where the broadband electric field strength, integrated from 35 Hz to 31 kHz, exceeds 1 
mV/m. As can be seen, the electrostatic noise tends to be strongest and most persistent 
along the + x axis, when the PDP is downstream of the shuttle, and weakest along the -x 
axis, when the PDP is upstream of the shuttle. The noise is also strong near the four 
magnetic conjunctions, which are labeled 1 through 4 in Figure 2. 

The interpretation of the noise enhancements near the magnetic conjunctions is 
complicated by the fact that the thruster firing rate tends to be higher in these regions as the 
shuttle was maneuvered to intercept the magnetic field line through the PDP. 

Nevertheless, we believe that the intensification in this region is controlled to a significant 
degree by the magnetic field geometry. As evidence of this relationship note that thruster 
firings when the PDP is upstream of the shuttle, for example at 0216 and 0224 UT (see 
Figure 1), do not have nearly as large an effect as thruster firings near the magnetic 
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conjunction, for example at 0157 and 0204 UT. Also, even when the gas ejection rate is low, 
for example from 0159 to 0203 UT, the noise level in the magnetic conjunction region is 
higher than for comparable gas ejection rates when the PDP is upstream of the shuttle. 

Representative electric field spectrums of the broadband electrostatic noise are shown 
in Figure 3. The top panel shows two spectrums selected from near the first and second 
magnetic conjunctions, and the bottom panel shows spectrums at two different distances (x 
= 247 m and x = 87 m) in the wake region directly downstream (y = 0, z = 0) of the shuttle. 
All four spectrums are remarkably similar. Typically, the spectrum is almost flat from 10 
Hz to about 10 4 Hz, and then drops below the instrument noise level by 10 5 Hz. 

Sometimes a peak can be seen at a frequency of a few kHz, which is near the lower hybrid 
resonance frequency. This peak can be seen at various times in Figure 1, for example at 
0150 and 0255 UT. The broadband electric field strength during the most intense thruster- 
related events ranges from about 2 to 5 mV/m. The nearly continuous background level in 
the wake region directly downstream of the shuttle is about 1 to 2 mV/m. 

High-resolution wideband spectrograms of the electrostatic noise sometimes show a 
"fingerprint” pattern that repeats with a period of one-half of the spacecraft rotation period. 
An example of such a pattern is shown in Figure 4. This type of spin modulation pattern is 
well known in space plasma wave data and is an antenna pattern effect caused by 
wavelengths short compared to the antenna length [Temerin, 1979; Fuselier and Gurnett, 
1984; Gallagher, 1985]. The nulls occur when the antenna separation projected in the 
direction of propagation is an integral number of wavelengths. Since the antenna length is 
only 3.9 meters, the existence of these nulls implies that the wavelengths of the electrostatic 
noise is substantially less than one meter. For such short wavelengths, the frequency 
spectrum is almost entirely determined by Doppler shifts. The fingerprint pattern tends to 
be most pronounced and easily recognized near the upper frequency cutoff (— 10 to 20 kHz) 
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and in the region directly downstream of the shuttle. 
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Interpretation 

The close correlation between thruster firings and enhancements in the broadband 
electrostatic noise provides a strong indication that the noise is associated with neutral gas 
emissions from the shuttle. Previous measurements [Shawhan et al., 1984b; 1984c; Pickett 
et al., 1985] have shown that the shuttle is surrounded by a neutral gas cloud with pressures 
as much as 10 2 to 10 3 above ambient. This gas cloud originates from a variety of transient 
and steady-state sources including thruster firings, water dumps, outgassing of water 
absorbed in the tiles, and leaks from pressurized compartments on the shuttle. The fact that 
the electrostatic noise displays both an impulsive component as well as a nearly steady 
component simply reflects the complex time variability of these various sources. 

Since a neutral atom does not interact with an electric field, some mechanism is 
needed to generate the noise. This mechanism is believed to be charge exchange between the 
shuttle gas cloud and the surrounding ionosphere. Studies of the plasma distribution 
around the shuttle by Paterson and Frank [1987] and Frank et al. [1988] show that the 
shuttle is surrounded by an energized distribution of H 2 0 + ions and other heavy ions. 

These ions are believed to be produced by charge exchange between the shuttle gas cloud, 
which is primarily H 2 0 and ionospheric 0 + ions, which are streaming by at ~ 8 km/s. Once 
ionized, the newly born H 2 0 + ions are immediately accelerated by the V x B electric 

field and carried downstream, more or less as illustrated in Figure 5. 

The pick-up process causes two effects that could possibly account for the intense 

electrostatic noise observed around the shuttle. First, since the newly bom ions are moving 
with respect to the ionosphere, these ions produce a beam or ring-like velocity distribution 
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that should be highly unstable [Krall and Trivelpiece, 1973; Papadopoulos, 1984]. Second, 
the pick-up process produces both a perpendicular and parallel current system, 

and J|, which ultimately must close in the ionosphere via an Alfven wave, more or less 
as shown in Figure 5. If the current density exceeds a critical value, then current-driven 

electrostatic waves could be excited, similar to the processes that are believed to occur in the 
auroral zone [Kindel and Kennel, 1971 ]. Just which mechanism provides the free-energy 
source for generating the intense electrostatic noise around the shuttle remains to be 
established. The unstable ion distributions associated with the pick-up ions appears to be 
the best possibility, since current-driven instabilities usually have a rather high threshold. 
However, the enhanced noise intensities near the magnetic conjunctions suggest that field- 
aligned currents may play some role. Although the main energization of the pick-up ions 

comes from the acceleration by the VxB electric field, the electrostatic turbulence may 
play an important role in thermalizing these ion distributions. 

In comparing these results with other measurements, it is interesting to note the very 
close similarity between the noise observed near the shuttle and the electrostatic noise 
observed near the AMPTE artificial comet [Gurnett et al., 1985; 1986] and the comets 
Giacobini-Zinner [Scarf et al., 1986], and Halley [Grard, 1986]. Since charge exchange and 
ion pick-up are believed to be one of the dominant processes in the interaction of a comet 
with the solar wind, it appears that the interaction of the shuttle with the ionosphere may 
have a close similarity to the plasma processes occurring near a comet. 
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Fig. 1. The bottom panel shows a spectrogram of the electric field intensities observed by the 
PDP during the first fly-around and the top panel shows the gas flux associated with 
thruster firings on the shuttle. The broad band of noise below about 10 Hz is closely 
associated with the thruster firings and is believed to be caused by an interaction between a 
cloud of neutral gas around the shuttle and the ionosphere, which is streaming by at ~ 

8 km/sec . 


Fig. 2. An orbital plane plot showing the regions (black dots) where the broadband shuttle- 
induced noise exceeds 1 mV/m. The noise is strongest and most persistent in the region 
downstream of the shuttle and weakest in the region upstream of the shuttle. Strong 
enhancements also occur near the magnetic conjunctions. 

Fig. 3. Selected spectrums of the broadband noise near the first and second magnetic 
conjunctions, and at two positions in the wake region downstream of the shuttle. 

Fig. 4. A high-resolution wideband spectrogram showing "fingerprints” in the broadband 
noise. This effect is caused by nulls in the antenna pattern as the spacecraft rotates and is 
indicative of wavelengths shorter than the 3.9 meter length of the electric antenna. 

Fig. 5. Charge exchange interactions with ionospheric ions are believed to partially ionize 
the neutral gas cloud around the shuttle (6), thereby producing pick-up ions which are 
accelerated and carried downstream by the convection electric field. The pick-up ions 
produce a highly unstable ion distribution which is believed to be responsible for the intense 
electrostatic noise observed downstream of the shuttle. 
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Abstract 


The Spacelab 2 mission provided the first opportunity to measure the 
extended plasma wake of the Space Shuttle Orbiter. While the Plasma Diagnostics 
Package was attached to the Remote Manipulator System, differential ion vector 
measurements were obtained in the near wake at a distance of 4-5 Shuttle 
radii. The Orbiter's wake was found to fill in at a much faster rate than can 
be explained by simple thermal motion. The measurements show that ion 
acceleration must have occurred along the wake boundary in a direction normal to 
the orbital motion. This behavior implies the existence of a spatially extended 
electric field and strongly suggests the process of "plasma expansion into a 
vacuum." The level of plasma depletion in the wake is in agreement with the 
results from laboratory experiments and small ionospheric satellites that were 
obtained at comparable normalized distances downstream, suggesting that the near 
wake plasma depletion is not sensitive to the body scale size for bodies up to 
an ion gyroradius in size. 


INTRODUCTION 


The Space Shuttle has greatly increased the range and fidelity of 
possible space experiments and, as a result, has reopened and generated 
renewed interest in the physics of spacecraft-space plasma interactions. The 
STS-3 mission, which took place on March 22-30, 1982, offered the first 
opportunity to measure the plasma and field environment of the Shuttle 
Orbiter. An ensemble of 14 plasma instruments was included in the Plasma 
Diagnostics Package (PDP), a self-contained, deployable satellite that could 
be deployed up to 1 5 m above the Orbiter payload bay by the Remote Manipulator 
System (RMS) (Shawhan et al., 1984). 

No measurements were obtained in the Orbiter* s wake during STS-3 and it 
is the wake aspect of spacecraft-space plasma interactions that is most 
intense and with which the preponderance of ground-based simulations and 
theoretical models has dealt. However, the PDP experiment was reflown on the 
Spacelab 2 mission, which took place on July 29-August 6, 1985. Measurements 
were obtained in the Orbiter*s near wake during the PDP RMS maneuvers and in 
the far wake when the PDP was deployed as a free-flyer. In this paper, we 
present a brief assessment of measurements obtained in the Orbiter*s near wake 
with one of the PDP instruments, the Differential Ion Flux Probe (DIFP), 
during the PDP attached, RMS maneuvers. 

EXPERIMENTAL CONDITIONS 

The DIFP was originally developed for the diagnosis of complex, 
nonparallel ion flows found to exist in the wakes of laboratory test bodies 
(Stone, 1977). Details of the flight model design are described in Stone et 
al. (1985). Its mounting arrangement and field of view on the PDP are given 
in Stone et al. (1983). It should be noted that the PDP is a clean (no solar 
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cells) and geometrically simple body. The PDP surface was made conducting by 
covering its thermal blanket with a grounded, fine mesh wire screen. 

The data discussed in this paper were obtained on Julian day 214, 1985, 
with the Orbiter in a bi-inertial mode that resulted in the payload bay being 
pointed at the Sun when the Orbiter was in sunlight, and into deep space when 
in the Earth's shadow. The Orbiter was oriented with its X-axis (the axis of 
symmetry) approximately normal to the orbital plane? i.e., the axis of 
symmetry was always approximately perpendicular to the direction of motion. 
During this period, the PDP was parked on the Orbiter's port side, 13.7 m from 
the Orbiter's axis of symmetry, approximately in the plane of the payload bay 
forward bulkhead, and oriented so that the DIFP was pointed at the Orbiter as 

A 

shown in Figure 1 (see the normal vector n). In this configuration, the DIFP 
electronically swept a 5° acceptance window for ions ±50° across the Orbiter's 
axis of symmetry while the PDP was swept through the Orbiter's wake once per 
orbit near the sub-solar point. Ions streaming into the instrument from above 
and below the Orbiter were deconvolved by the differential angular scan and 
their characteristics (i.e., flow direction, drift energy, current density, 
and temperature) measured -independently. 

Figure 1 also shows the effect of the changing geometry of the Orbiter's 
cross section on the characteristics of the plasma wake and the position of 
the PDP within the wake. The angle shown beside each panel is the projection 
of the plasma ram velocity into the Y-Z plane of the Orbiter. (The variation 
of the out-of-plane ram velocity component during the indicated attitude 
change was about 11.5°.) Note that in the top panel the ionospheric plasma 
flows directly across the payload bay and the PDP is located well outside of 
the geometric wake (the cross-hatched region) approximately at the Mach 
line. In the middle panel, the Orbiter has rotated 17.5° placing the PDP in 
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the center of the geometric wake subtended by the starboard payload bay door 
radiator and bottom port side of the Orbiter, Finally, the bottom panel 
depicts the situation as the PDP exits the wake region. Note, also, that the 
effective body size varies greatly with rotation, e.g., approximately 3 m for 
the top panel and 6 m to 7 m for the bottom panel. Therefore, two things 
become apparent that must be accounted for in the analysis of the wake 
measurements: (1) the variation of the Orbiter 1 s effective scale size and (2) 
the actual position of the PDP with respect to the leading edges of the 
Orbiter (initiation points for each side of the wake) — both of which vary with 
the Orbiter's angle-of-attack. 


EXPERIMENTAL OBSERVATIONS 

The ion flow direction and current density from one of the wake transits 
are shown in Figures 2a and 2b, respectively. Note that the DIFP was exposed 
to the "ambient" ionospheric ram current for the period 0 to 5 minutes (Figure 
2a), These ions have not undergone any significant deflection as evidenced by 
their near zero angle-of-attack (i.e., the ion flow direction is approximately 
aligned with the orbital velocity vector). Once the PDP entered the wake 
region as denoted by the Mach line in the top panel of Figure 1 , the ion 
current direction abruptly changed and strong perturbations of the ion current 
density, shown in Figure 2b, were observed as the PDP moved into the Orbiter's 
wake. Note that the angles-of -attack, shown in Figure 2a, have been corrected 
for PDP sheath effects and that the current values, shown in Figure 2b, have 
been adjusted for the variation in DIFP sensitivity with angle (Stone et al., 
1985). 

Shortly after passing the Mach line, beginning at 7 minutes and 
continuing through 13 minutes, two ion streams are observed simultaneously 
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(Figures 2a and 2b). The occurrence of the two ion streams coincides roughly 
with the geometric wake region. At the wake boundary, the ram current that 
was initially aligned with the orbital velocity vector is now deflected 
downward and into the void region of the Orbiter's wake. This stream 
increases monotonically in angle-of -attack while decreasing in intensity with 
the motion of the PDP across the wake (Figures 2a and 2b). The second stream, 
which is deflected upward from beneath the Orbiter, follows the opposite 
sequence. (The dropout in current for stream 2 at about 14 minutes into the 
wake transit is possibly due to a dense burst of neutral gas from the 
Orbiter.) Figure 2a shows that the direction of each stream varied linearly 
over a range of 30° in angle-of -attack (relative to the Orbiter velocity 
vector) as the PDP moved across the wake. 

DISCUSSION OF RESULTS 

First we note that the Orbiter's wake is filled at a much faster rate 
than would be possible as the result of simple thermal diffusion. This is 
shown by the fact that (1) although the ion accoustic Mach angle for the 
Orbiter in this case is 10°±1°, Figure 2a shows that the measured angles-of- 
attack for the observed ion streams at the wake axis (see middle panel of 
Figure 1) are in the range of 15° to 17°, indicating supersonic ion motion 
into the wake? and (2) the ion void filling actually began well upstream of 
the point of measurement (13.7 m downstream), evidenced by the continuous 
observation of ion currents well above the instrument sensitivity threshold 
across the entire wake, as shown in Figure 2b. Note that at the axial cros- 
sing point of the stream lines in the leading edge of the inflowing ion flux, 
the current density profile is expected to dip to very low levels. This point 
will occur approximately 18 m downstream for ion thermal motion. It is appar- 
ent, therefore, that the ions have been accelerated into the Orbiter*s wake. 
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The required ion acceleration could be produced by an electric field in 
the Orbiter's plasma sheath, or by an electric field generated along the 
plasma wake void boundary by the basic process of collisionless plasma 
expansion (Samir et al., 1983). Because of its large scale size (~1000 Debye 
lengths), the Orbiter has a thin sheath. Since the effectiveness of the 
currents deflected by the plasma sheath in filling the wake void must be 
proportional to the ratio of the cross-sectional area of the sheath to that of 
the body, this is not expected to be an important wake filling mechanism for 
the Orbiter. 

Regarding the possibility of collisionless plasma expansion, experimental 
and theoretical investigations have shown that this process can occur almost 
any time a sufficient density gradient exists in a plasma. In the case of the 
Orbiter, a strong density gradient is created in the very near wake at the 
boundary of the plasma void region. Moreover, collisionless plasma expansion 
has been shown to occur in streaming laboratory plasmas under similar, steady 
state conditions in which the density gradient was created in the near wake of 
a large plate oriented normal to the plasma flow (Wright et al., 1985, 1986; 
Wright, 1988). The linear increase in the transverse velocity of the ions to 
values exceeding the ion acoustic speed, shown by the linear variation in 
angle-of -attack for the converging streams shown in Figure 2a, is inconsistent 
with ion thermal diffusion, but consistent with both sheath and plasma 
expansion induced accelerations. However, the processes differ in that the 
expansion electric field accelerates ions over an extended region, resulting 
in curved trajectories and, therefore, greater angles-of -attack than can be 
produced by an "impulse-like" deflection within the Orbiter's plasma sheath 
(see Figure 3). 
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To test this point, a more exact analysis of the effects of the changing 
Orbiter geometry is needed. In Figure 4, the locations of the vector ion flow 
measurements are given in terms of distance from the initiation point of the 
wake at the corresponding side of the Orbiter, i.e., distance downstream from 
the initial point of contact of the Orbiter with the ionospheric flow and 
lateral distance from the edge of the geometric wake (see Figure 1). Note 
that the effective downstream location of the measurements for ion streams 
having positive and negative angles-of -attack is different because of the 
difference in the position of the leading edge on the respective sides of the 
Orbiter. 

At each measurement position, the direction of the ion stream is given 
and the following observations are now permitted: (1) with the exception of 

the outer-most measurement obtained during transition out of the wake, all 
points outside of the Mach line are approximately aligned with the ambient 
rammed plasma? (2) the points inside the Mach line show measurable angles-of- 
attack, indicating acceleration into the wake; (3) the angle-of-attack 
(acceleration) of ion streams deflected from both above and below the Orbiter 
increases with penetration into the wake beyond the Mach line; and (4) a line 
extended back upstream at the angle-of-attack from each measurement point, 
that lies within the Mach line, intercepts the Mach line downstream from the 
Orbiter and intercepts the plane of the Orbiter well beyond the limits of any 
reasonable sheath thickness, i.e., approximately 2 m from the Orbiter s 
surface for the ion streams deflected into the wake from above the Orbiter. 
(Note that observation (4) does not hold strictly for the ion streams arriving 
from below the Orbiter. Since the point at the largest distance outside the 
wake does not return to ambient, some other effects may be present. (The 
reason for this is being investigated further.) 
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It is apparent from observation (4) that, at least for the ion streams 

originating from above the Orbiter, the angles-of -attack are too large for the 

deflection to have occurred within the Orbiter's sheath. However, as 

previously mentioned, "plasma expansion into a vacuum" will produce curved 

streamlines and larger angles-of-attack that are consistent with the above 

measurements. These observations, therefore, strongly suggest that the 

collisionless plasma expansion (or "plasma expansion into a vacuum") process 

is a significant factor in the near wake of the Orbiter, 

Comparing the plasma depletion, a = I (wake ) /I (ambient ) = 0.14, obtained 

from Figure 2b, with previous results, we find that at this point in the wake 

of the Orbiter (for which R. > 1000), a is greater than the value (a = 0.5) 

a 

measured at a similar distance (5 R ) downstream in the wake of the Ariel I 

o 

satellite where R, ~ 1 0 (Henderson and Samir, 1967), but comparable to the 
a 

values (a = 0.17) obtained in laboratory simulation experiments for R^ ~ 1-10 
at z/R q = 3 (Stone, 1981). We can speculate that the Ariel I wake was less 
depleted because of the difference in Mach numbers (3.75 compared to 5-6 for 
the Orbiter) since Samir et al. (1986) have shown that the amount of depletion 
increased with ion acoustic Mach number for the Dynamics Explorer 1 
satellite. The two results are, therefore, consistent. 

The laboratory plasmas are non-magnetized and the gyroradius is not a 
significant factor for the near wakes of either the Orbiter or ionospheric 
satellites since orbiting spacecraft move ~95 m in one-half of a gyroperiod 
(the "effective gyroradius for orbital motion"). It, therefore, appears that 
R^ is not a significant factor for the plasma in the near wakes of bodies 
whose size is much less than the "effective gyroradius for orbital motion." 

Finally, we note that the current profile for the ion stream coming from 
above the Orbiter with a positive angle-of-attack (stream 1 in Figure 2b) 
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consistently exhibited a region of ion rarefaction just outside of the ion 
acoustic Mach cone of the Orbiter. This structure is not understood at 
present, although similar structures have also been observed in space in the 
wake of the Ariel I satellite (Samir, 1973) and during the Gemini -Agena 10 
wake experiment (Troy et al., 1970), 

CONCLUSIONS 

The data shown in Figure 2 are the first from an in situ experiment in 
which differential, vector measurements were obtained of ion streams in the 
disturbed, nonparallel plasma flow produced in the wakes of ionospheric 
satellites • The significant conclusions and speculations supported by these 
measurements are: 

( 1 ) The plasma wake of a large ionospheric spacecraft closes much faster 
than would be possible from simple thermal motion* Therefore, we conclude 
that the ions filling the wake have been accelerated at some point, or over an 
extended region, by an electric field* 

(2) The source of the electric field could be either a plasma sheath 
surrounding the Orbiter or charge separation extending along the wake boundary 
created by collisionless plasma expansion into the void region behind the 
Orbiter. The fact that the inrushing ions converge on the wake axis at angles 
greater than would be allowed by an "impulse-like" sheath deflection at the 
Orbiter stongly suggests the operation of the collisionless plasma expansion 
process and its spatially extended electric field. 

(3) The depth of the Orbiter's wake void is in agreement with laboratory 
experiments and previous in situ data where the measurements were obtained at 
a comparable normalized distance downstream* In view of the wide variation in 
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Debye ratios in these examples, we conclude that the plasma depletion in the 
near wake of bodies that are much smaller than the effective gyroradius for 
orbital motion is not sensitive to the body scale size in the plasma. 


9 



Acknowledgments * The authors thank D. A. Gurnett of the University of 


Iowa for providing the dc electric field measurements* We also wish to 
acknowledge the assistance of Kay Babine of Boeing Computer Support Services 
for her assistance in flight data reduction and display* U.S* acknowledges 
support from NASA grant NGR-23-005-320. K.S.H. acknowledges support under 
NASA contract NAS 8-3 71 07* 


REFERENCES 


Henderson, C. L., and U. Samir, Observations of the disturbed region around an 
ionospheric spacecraft, Planet* Space Sci. , 15 , 1499, 1967* 

Samir, U., Charged particle distribution in the nearest vicinity of 

ionospheric satellites - Comparison of the main results from the Ariel I, 
Explorer 31, and Gemini -Agena 10 spacecraft, in Photon and Particle 
Interactions with Surfaces in Space , edited by R.J.L. Grard, p. 193, D. 
Reidel Publ. Co., Dordrecht, Holland, 1973. 

Samir, 0., K. H. Wright, Jr., and N. H. Stone, The expansion of a plasma into 
a vacuum: Basic phenomena and processes and application to space plasma 
physics. Rev. Geophys. , 21 , 1631, 1983. 

Samir, U., R. H. Comfort, C. R. Chappell, and N. H. Stone, Observations of 
low-energy ions in the wake of a magnetospheric satellite, J. Geophys. Res. , 
91, 5725, 1986. 

Shawhan, S. D., G. B. Murphy, and J. S. Pickett, Plasma Diagnostics Package 
initial assessment of the Orbiter plasma environment, J. Spacecr. Rockets / 

21 , 387, 1984. 

Stone, N. H. , Technique for measuring the differential ion flux vector. Rev. 
Sci. Inst., 48, 1458, 1977. 


1 1 



Stone, N. H. , The aerodynamics of bodies in a rarefied ionized gas with 
applications to spacecraft environmental dynamics, NASA Tech. Paper 1933 , 
Washington, DC, November 1981* 

Stone, N. H. , U. Samir, K. H. Wright, Jr., D. L. Reasoner, and S. D. Shawhan, 
Multiple ion streams in the near vicinity of the space shuttle, Geophys . 
Res. Lett. , 10 , 1215, 1983. 

Stone, N. H. , B. J. Lewter, W. H. Chisholm, and K. H. Wright, Jr., Instrument 
for differential ion flux vector measurements on Spacelab 2, Rev. Sci. 

Instr . , 56 , 1897, 1985. 

Troy, B. E. , Jr., D. B. Medved, and U. Samir, Some wake observations obtained 
on the Gemini/Agena two body system, J. Astron. Sci., 1 8, 173, 1970. 

Wright, K. H. , Jr., N. H. Stone, and U. Samir, A study of plasma expansion 
phenomena in laboratory generated plasma wakes: Preliminary results, J . 

Plasma Phys . , 33 , 71, 1985. 

Wright, K. H. , Jr., D. E. Parks, I. Katz, N. H. Stone, and U. Samir, More on 
the expansion of a collisionless plasma into the wake of a body, J. Plasma 
Phys . , 35 , 119, 1986. 


Wright, K. H. , Jr., A study of single and binary ion plasma expansion into 
laboratory generated plasma wakes, NASA Contractor Report 41 25, February 


Figure Captions 


Fig. 1 . Experimental configuration. Schematic of the PDP traversal through 
the Orbiter's wake. The angle indicated is the projection of the plasma ram 
velocity into the Orbiter's Y-Z plane. The cross-hatched region indicates the 

A 

geometric wake and the vector n is the DIFP normal. The time notation beside 
each panel is the relative time used in Figure 2. 

Fig. 2. Experimental data. (a) Ion flow direction, relative to the Orbiter 
velocity vector versus time (or position in wake); the tic marks indicate when 
the PDP crosses the Mach lines shown in Figure 1. (b) Ion current density for 
each individual stream versus time. Note that the geometric wake of the 

Oribter extends approximately from 7.7 to 13.5 min. The dip in stream 2 at 14 

min is thought to be due to a dense burst of neutral gas from the Orbiter. 

Fig. 3. A comparison of ion trajectories produced by a localized acceleration 
of ions within a thin plasma sheath, and by an extended acceleration of ions 
by an "expansion electric field." 

Fig. 4. Ion flow direction at various measurement locations given in terms of 

distance from the wake origin (leading edge of the Orbiter). £ is the 

distance downstream measured along the geometric wake axis and x is the 
lateral (perpendicular) distance from the edge of the geometric wake, 
where -x lies inside the wake. 0 and Q indicate ion streams flowing over the 
Orbiter top and bottom surfaces, respectively. 
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During the Spacelab-2 Space Shuttle mission a 1 keV, 100 mA, square wave mod- 
ulated, electron source (FPEG) and a plasma diagnostics sub-satellite (PDP) were 
used to investigate the properties of radio waves generated by electron beams in 
space. A variety of electron beam pulsing sequences were executed to investigate 
specific properties of the beam- plasma- wave interaction. In addition to operations 
conducted with the PDP in the payload bay, several investigations were conducted 
with the PDP operated as a free-flying satellite at distances of several hundred me- 
ters from the Orbiter. In this paper we present the results of three beam operation 
sequences which provide new information about the characteristics of wave gener- 
ation by electron beams. Those sequences are: (1) the ‘DC flux tube connection * 
sequence in which the FPEG was operated with continuous electron emission while 
the Orbiter maneuvered to connect the PDP and the Orbiter on the same mag- 
netic field line; (2) A ‘Pulsed flux tube connection* sequence for which the electron 
beam was square wave modulated at 1.22 kHz; and (3) A ‘Prox Ops* sequence in 
which the FPEG was again pulsed at 1.22 kHz while the PDP was mounted in 
the Orbiter payload bay rather than operating as a free-flying satellite. Analysis 
of the amplitudes of VLF emissions from these FPEG sequences allows comparison 
of broadband emissions from the DC and pulsed electron beams, comparison of 
broadband and narrowband emissions during the pulsed electron beam emissions, 
and investigation of the production and propagation properties of radio waves gener- 
ated by DC and pulsed electron beams in space plasmas. Spectrograms showing the 
general characteristics of the ambient wave environment and the wave environment 
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generated during these three sequences are presented. The results of electron beam 
generated wave observations from the STS-3/0SS-1 mission were verified. Both DC 
and modulated electron beams produce copious broadband emissions. Square-wave 
modulated electron beams produce narrowband radiation at the pulsing frequency 
and its harmonics along with the broadband emissions. The time evolution and 
spectral structure of broadband and narrowband emissions are analyzed. Our ob- 
servations indicated that DC, 50 mA electron beams and pulsed, 50% duty cycle, 
100 mA beams produce broadband radiation which is comparable in intensity and 
spectral shape at all points for which the wave field was sampled. Observation of 
the waves produced by the electron beam during the flux tube connections indi- 
cate that there are three zones of wave emissions characterized by the amplitude 
of waves in those spatial regions. Zone 1 is a highly disturbed region near the 
beam with very intense wave activity. Zone 2 is the region of propagating waves 
and zone 3 contains lower amplitude emissions which are near-field contributions. 
The amplitude of narrowband emissions appear to be in good agreement with the 
predictions of theory for waves generated through the Cherenkov resonance with 
wave normal angles less than the resonance cone angle and the harmonic structure 
of the narrowband radiation is found to be dependent on the beam propagation 
characteristics. 


1. INTRODUCTION 

Since the first experiment with electron beams in space plasmas [Hess, et aL, 1969] there has 
been continued and growing interest in beam-plasma experiments conducted in the ionosphere and 
magnetosphere. Rocket-borne electron beam experiments have been used to investigate a large 
range of phenomena including propagation of an electron bunch in the magnetosphere [Winck- 
ler , 1980], electrical charging of rockets [ e.g., Maehlum et a/., 1980; Myers et aL, 1988], electric 
fields at geosynchronous altitudes [ Meltzner , 1978], radio wave emission from modulated electron 
beams [Cendrin, 1974; Holzworth and Koons , 1981; Winckler et aL, 1984 ar *d 1985], and the charg- 
ing and wave generation mechanisms involved in a tethered rocket system [Sasaki et aL, 1986a], 

The first electron beam experiment to be carried on the space shuttle was flown on the March 
1982 flight, STS-3, as part of the Vehicle Charging and Potential (VCAP) experiment on the 
Office of Space Science-1 (OSS-1) mission [Banks et aL, 1987], Cooperative use of a square-wave 
modulated (1 keV, 50/100 mA) Fast Pulsed Electron Generator (FPEG) and the instruments on 
the University of Iowa Plasma Diagnostics Package (PDP) permitted numerous observations of the 
interaction of the electron beam with the ambient plasma environment in the vicinity of the Orbiter. 
These experiments, because of the relatively long duration of the orbit, could be used to investigate 
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the disturbed plasma environment around the Orbiter [Shawhan et ai, 1984a; Banks et al., 1987], 
charging of the Orbiter during passive conditions and during electron beam injection in a variety 
of plasma environments [Hawkins 1988], and the production of waves produced by both DC and 
square wave modulated electron beams [Shawhan et al., 1984b; Reeves et ai, 1988]. 

Three shuttle based electron beam experiments have followed. The Space Experiments with 
Particle Accelerators (SEPAC) beam-plasma experiments were flown on the Spacelab-1 mission 
in 1983. The SEPAC experiments utilized a higher power electron beam (up to 5 kev, 300 mA), 
a plasma plume injector, a neutral gas plume injector, a TV camera, and a diagnostics pack- 
age to investigate the properties of spacecraft charging, neutralization, and return currents for 
relatively high power electron beams. The results of these experiments have been reported by 
Obayashi et al., [1982], Akai [1984], Sasaki [1986b], Cai et al. [1987], and Neubert et al. [1986a]. 
The separate PICPAB experiment investigated the radiation produced by operation of the electron 
beam [Beghin et al., 1984]. 

More recent electron beam experiments in space took place on the Spacelab-2 mission in July 
and August 1985. Spacelab-2 included a reflight of VCAP and the PDP. During this mission the 
PDP was released as a free-flying satellite for a period of six hours. During the free-flight the 
Orbiter and the PDP completed six earth orbits while the Orbiter maneuvered around the PDP 
allowing measurement of the plasma and wave environment out to separations of several hundred 
meters. Four periods of the free-flight included carefully planned magnetic flux tube connections 
in which the Orbiter maneuvered into a position such that it passed through the same geomagnetic 
field lines as the PDP. Two flux tube connections were used to study the effects of the passive 
interaction of the Orbiter with the ionosphere, one flux tube connection took place with the FPEG 
operating in DC mode with a 50 mA current, and during the final connection the FPEG was pulsed 
at 1.22 kHz, 100 mA with a duty cycle of 50% (beam on-time equals beam off-time). A total of 
325 electron beam pulsing sequences were conducted with the PDP free-flying and mounted in the 
payload bay. 

An overview of the Spacelab-2 mission is forthcoming in Banks et al. [19S8]. Gurnett et al. 
[1986] and Farrell et al. [1988] reported on resonance cone, whistler- mode radiation observed during 
the DC flux tube connection using filter bank data in the range 31 Hz-17.8 MHz. Results from 
the PDP wideband VLF wave receiver during the Pulsed flux tube connection were reported by 
Bush et al. [1987] and Neubert et al. [198S]. 

2. EXPERIMENT DESCRIPTION 

This paper presents the results of the electron beam wave generation results from three separate 
pulsing sequences. These are the ‘DC flux tube connection’, the ‘Pulsed flux tube connection’, and 
the ‘Prox Ops’ sequences. Details of the orbital and instrumental parameters for these sequences 
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are given in Table 1. During the DC and Pulsed flux tube connections, the PDP was released as a 
free-flying satellite and the Orbiter maneuvered around it so that the separation of the Orbiter and 
the PDP would allow the sampling wave fields in a range of positions with respect to the beam. 

Figure 1 shows the trajectory of the PDP relative to the Orbiter. The start and stop times 
for each sequence are noted and one point is plotted every 30 s. The coordinate system is picked 
with the Orbiter at the origin. The vertical axis is the distance parallel to the magnetic field 
line which passes through the Orbiter, hereafter referred to as the ‘conjunction field line’, and the 
horizontal axis is the distance perpendicular to that field line. (Note that the conjunction field line 
refers to the instantaneous field line connected to the Orbiter, not a geomagnetic field line which is 
fixed in space.) Negative distances on the horizontal axis correspond to times when the PDP was 
approaching the conjunction field line and positive distances correspond to times when the PDP 
was receding. For rj. = 0, the PDP and the Orbiter lie on the same geomagnetic field line and 
this is referred to as the flux tube connection. The attitude of the Orbiter was such that at all 
times the Orbiter z-axis (rising out of the payload bay, perpendicular to the plane containing the 
wings) pointed toward the PDP. Beam electrons follow a helical trajectory along the field line so 
the angle between the conjunction field line and a line connecting the Orbiter to the PDP defines 
the pitch angle of the electron beam as well as the ray angles of wave emissions detected by the 
PDP. During the Prox Ops sequence the PDP was mounted in the payload bay 6.62 m from the 
FPEG aperture (figure 2) and the FPEG was operated in the same mode as during the Pulsed flux 
tube connection. 

The data presented in this paper were acquired using the wideband receiver on the University 
of Iowa Plasma Diagnostics Package. A description of the use of the wideband receiver for making 
VLF wave observations can be found in Reeves et al. [ 1988 ] and is summarized here. The wideband 
receiver measured two frequency bands, ELF and VLF, with frequency limits 40-1000 Hz and 0.4— 
10 kHz respectively. Data in the two bands were obtained simultaneously. The wideband receiver 
was connected alternately to a 3.89 m electric dipole antenna and a 16 inch long, 10,000 turn 
magnetic field search coil. Every fourth magnetic antenna period was replaced by an antenna 
period when the wave receiver was connected to a Langmuir probe and during those times the 
broadband wave data cannot be used. In addition to this antenna switching pattern, the VLF 
band could measure signals heterodyned from higher frequency ranges into the 0-10 kHz frequency 
range. The VLF band monitored the approximate frequency ranges 0-10 kHz for 26 s, 20-10 kHz 
(with inverted frequency response) for 13 s, and 20-30 kHz for 13 s. The antenna switching pattern 
is illustrated in figure 3. The antenna switching pattern is the origin of many of the apparent gaps 
or discontinuities in the wave data as well as the lack of simultaneous electric and magnetic field 
data. 

In addition to the wideband wave receiver, the PDP contained a Langmuir probe which was used 
to measure the plasma electron density, a Low Energy Proton and Electron Differential Energy 
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Analyzer (LEPEDEA) which measured electron and proton energy spectra, a tri-axial fluxgate 
magnetometer which measured the magnitude and direction of the ambient magnetic field, the 
IMP/HELIOS filter bank, and a variety of other instruments which were not used in this experiment 
[Shawhan et al., 1984a], The IMP/HELIOS instrument consisted of 16, 10% band-width filters 
in the range 31 Hz to 17.8 MHz which were connected to the electric dipole and magnetic search 
coil antennas to provide additional wave field information. The Vehicle Charging and Potential 
(VCAP) experiment package contained the FPEG, a Langmuir probe, a spherical retarding and 
potential analyzer and charge and current probes. These instruments provided information on 
vehicle charging and return current collection during ambient conditions and during electron beam 
injection [Banks et al., 1988]. 


3. OBSERVATIONS 

The wideband wave receiver data is in the form of an analog broadband audio waveform. The 
amplitude of the signal is kept within strict limits with an automatic gain control (AGC) with a 
100 dB dynamic range. In order to analyze the amplitude of the spectral components of the received 
wave signal select periods of VLF band wave data were digitized at a rate of 25000 samples/sec 
which, in conjunction with the bandpass of the receiver, leaves the frequency ranges of interest 
without aliased signals. This data was then Fourier transformed into time-frequency spectrograms 
with a resolution of 12.207 Hz and 40.96 ms. At this point the spectrograms can be displayed to 
observe the general wave characteristics but the AGC modulation of the signal is still superimposed 
on the data (See, for example, figure 4 of this paper and figures 2 and 3 of Bush et al. [1987]). In 
the following section we present spectrograms from the three sequences under consideration and 
discuss the general observations. 

General Results 

Figure 4 shows four spectrograms produced from the VLF wideband electric antenna data. In 
each spectrogram one antenna period is shown. The antenna switching pattern is most obvious 
in figures 4c-d. We note again that the first 26 s are 0-10 kHz, the next 13 s are 10-20 kHz and 
is inverted (with 10 kHz at the top of the scale), and the final 13 s are 20- 30 kHz. The AGC 
modulation of the signal keeps the total wave amplitude in the band roughly constant therefore 
amplitudes are relative. 

The Ambient Wave Environment. 

Figure 4a is the electric response during the Pulsed flux tube connection before the FPEG is 
turned on. At this time the PDP is located at a position with respect to the Orbiter which is 
100 m along the conjunction field line and 250 m perpendicular to it (-250 m in figure 1). The 
electric field is seen to be very highly time varying with the strongest wave response occurring 
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due to natural atmospherics, including whistlers, and to wave emissions due to Orbiter thruster 
operation. (Orbiter thruster firings are frequent during the flux tube connections.) During this 
antenna period the wave spectrum is dominated by small dispersion atmospherics. The whistlers > 
can be identified in the spectrograms by a slight ‘hook’ in the frequency response at frequencies 
low frequencies. They were found to have amplitudes of up to 5 X 10“® V/m as measured with 
the electric dipole antenna and 10“ s nT as measured with the magnetic search coil antenna during 
daytime conditions. During nighttime conditions, the maximum amplitudes were 10“ 7 V/m and 
10 -6 nT. The amplitudes of the whistler signals observed in figure 4a peak between 3-4 kHz which 
is in the range of the lower hybrid frequency which was approximately 3.6 kHz at this time. The 
maximum amplitude of whistlers reported by Hayakawa et al. [1986] during daytime conditions 
were 6 x 10“ 4 V/m at 25° latitude and 2.5 x 10“ 4 V/m at 35° latitude. It has also been reported 
in the literature [Helliwell, 1965] that whistlers are often observed to have enhanced amplitudes 
near the lower hybrid frequency so we find that our measurements are in general agreement with 
previous observations. 

The effect of the Orbiter reaction control system (RCS) and attitude control system (ACS) on 
the plasma wave response was usually to enhance plasma wave amplitudes by up to an order of 
magnitude above existing levels. The effects of thrusters upon the VLF wave signals and return 
current distribution during electron beam operation are active areas of investigation and will be 
reported elsewhere. 

Another feature observed in the ambient wave spectrum during the flux tube connections, is 
the presence of variable frequency, narrowband emissions between 7 and 16 kHz with amplitudes 
which can exceed 10“ 6 V/m. The frequency of the narrowband emissions varies with time and 
appears to repeat with a period of ~ 13 s. During the free-fliglit, the PDP was spin stabilized and 
rotated with a period of ~ 13 s. It is curious that the variation of these narrowband signals appears 
with the spin period of the PDP rather than with half the spin period as would be expected for 
a symmetric single axis antenna. Although the whistlers are observed with both the electric and 
the magnetic antennas, these narrowband emissions are observed only through their electric field 
signature. Waves with similar features have been observed from rockets and satellites. They are 
thought to be generated by the interaction of the spacecraft with the ambient plasma as discussed 
in Neubert et al. [1986b] and references therein. 

The DC Flux Tube Connection. 

Figure 4b shows the electric field response during the DC flux tube connection when the FPEG 
is firing and the PDP is near the conjunction field line. During this antenna period the PDP is 
located 225 in along and 45 m perpendicular to the conjunction field line. It is apparent that 
operation of the FPEG produces broadband emissions at all frequencies within the limits of the 
receiver. The broadband emissions dominate the ambient wave fields at all times that the FPEG is 
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firing. In this spectrogram, the strongest emissions are seen between 4 and 8 kHz, near the lower 
hybrid frequency (/lhr « 6.6 kHz) and these emissions show spin modulation due to the rotation 
of the PDP. The effects of thrusters are also observed and are most apparent at 1 and 21 s in the 
figure. Although it appears that wave activity is diminished, this is only an effect of the AGC. 
In fact, wave amplitudes are enhanced at all measured frequencies during thruster operations but 
the dominance of lower frequency wave amplitudes suppresses the apparent amplitude at higher 
frequencies. 

The Pulsed Flux Tube Connection. 

The electric field response during the Pulsed flux tube connection is shown in figure 4c. The 
PDP was at a distance of approximately 210 m parallel and 35 m perpendicular to the conjunction 
field line and the FPEG was being modulated at 1.22 kHz. Broadband emissions are observed in 
all frequency ranges as was the case for DC beam operation. It will be seen below (figure 6) that 
the amplitude of broadband emissions from the pulsed beam are comparable to those from the DC 
beam but appear less prominent in the spectrograms shown here due to the action of the AGC. 
Figure 4c also shows that the pulsed electron beam produces narrowband emissions superimposed 
on the broadband signals. These occur at the beam pulsing frequency of 1.22 kHz and at higher 
harmonics. The even harmonics are visible but with significantly reduced amplitude as is predicted 
by Fourier transform theory for a 50% duty cycle, square wave modulated beam. 

The PDP was spinning with a period of ~ 13.6 s during its free-flight and many wave emissions 
show significant amplitude variations as a result. The spin modulation of the broadband and 
narrowband emissions is particularly apparent in figure 4c. Since the antennas are symmetric, 
the PDP spin period gives a wave modulation period of one half the spin period or 6.8 s. In 
figure 5 the magnetic field amplitude of the fundamental (1.22 kHz) is plotted as a function of time 
along with the function sin 2 (ut). From the phase of the modulation and the known position and 
orientation of the PDP, the polarization of the observed signals can be deduced. The analysis is, 
however, complicated by secondary instrumental effects. It has been found, for example, that the 
LEPEDEA instrument aboard the PDP can make anomalous periodic changes to the potential of 
the PDP and that these shifts can affect the wave results [Tribble et al., 1988], It appears that 
the spin modulation and instrumental effects can be separated and the polarization of the signals 
analyzed. Results will be presented in a later paper. Figure 5 also shows perturbations to the wave 
signals due to thruster operation on the Orbiter. In this case the duration of the thruster operation 
(0.24 s) is much less than the AGC sample rate (1.6 s) so the amplitudes are unreliable. 

The Prox Ops Sequence. 

The final spectrogram, figure 4d shows an antenua period from the Prox Ops sequence. At ~ 20 s 
in the figure, the FPEG is turned on and modulated at 1.22 kHz. Throughout this time the PDP is 
mounted in the payload bay and the presence of Orbiter interference lines below 500 Hz reduces the 
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apparent amplitude of the other emissions. Prior to FPEG turn-on the spectrum is broadband and 
low amplitude. When the FPEG begins pulsing narrowband emissions up to 30 kHz are observed 
with odd harmonics dominating. Notably absent is the effect of spin modulation which, of course, 
does not occur when the PDP is mounted in the payload bay. 

Discussion. 

The spectrograms shown in figures 4a-d provide an overview of the wave response to electron 
beam operation but are lacking in some respects. They do not, however, provide absolute amplitude 
information so the wave intensities from one sequence to another or even from one time within a 
sequence to another. This must come from the more detailed analysis in the next section. Also, 
the Pulsed flux tube connection and the Prox Ops sequences span seven antenna periods and the 
DC flux tube connection spans ten. Figure 4 provides only one antenna period from each of the 
three sequences and cannot show the time evolution for the duration of the sequences. 

To quantify the analysis of radiation from the electron beam, the data was numerically processed 
to compensate for the effects of the AGC. This was done by using the telemetered values of the 
gain applied to the signed and the pre-flight calibration of the receiver system. To determine the 
accuracy of the AGC compensation procedure, the results were compared with the wave amplitudes 
from the IMP/HELIOS instrument, which measured wave field amplitudes with a filter bank which 
was not connected to the AGC. Agreement within a factor of two was found at times when the total 
wave amplitude changed slowly on the scale of the 1.6 s AGC data sample rate. (See Reeves ,[1988] 
for a full explanation of the AGC compensation procedure.) It is important to note that, as 
result of the Fourier transforming of digitized data, ‘amplitude’, as used in this paper, means the 
amplitude of a 12 Hz Fourier spectral component. Although one could transform amplitude (in say, 
V/m) into spectral amplitude (in V/m-Hz 1 / 2 ) this would be appropriate only for the broadband 
signals but would not apply to narrowband signals. Because some spectra contain both broadband 
and narrowband signals, all amplitudes in the VLF band are the amplitudes of the 12 Hz Fourier 
components. 

The result of the AGC compensation procedure is that absolute wave amplitudes can be obtained. 
By averaging over time, the average wave spectra (amplitude as a function of frequency) for the 
sequences can be compared. This has been done for electric and magnetic wave fields for the three 
sequences and our results are presented in the following section. The long term variation from 
one antenna period to another can also be investigated by considering the amplitude in a selected 
frequency range as a function of time. Results from this analysis are presented for each of the three 
sequences in the final observation section. 

Wave spectra from the three sequences 

Using the technique, described above, composite spectra have been be created showing the cal- 
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ibrated wave response of the plasma to electron beam injection. Figure 6 shows the time averaged 
amplitude vs. frequency for the DC and Pulsed flux tube connections and for the Prox Ops se- 
quence. In this paper we have used the convention that, where figures are to be compared with the 
spectrograms such as in figure 4, time is plotted on the horizontal axis and frequency is plotted on 
the vertical axis. 

The spectra are complicated by some instrumental and processing effects which deserve consid- 
eration. The magnetic spectrum for the DC flux tube connection (figure 6a lower panel) shows 
these effects most clearly. The spectra are composites produced by adjoining the spectra from the 
0—10, 10—20, and 20-30 kHz frequency ranges of the VLF band. They are not measured simul- 
taneously and, for the flux tube connections, the PDP is moving with respect to the conjunction 
field line. Therefore there can be discontinuities at 10 and 20 kHz. There is also an effect due to 
the the receiver filter sensitivity. In the 0-10 kHz range the filter function is fairly fiat from .9 to 
nearly 10 kHz. From .9 down to .4 kHz there is some roll-off (as is verified by comparison with 
the ELF band data) and below .4 kHz the signal is dominated by spurious noise. The 10-20 and 
20-30 kHz ranges were heterodyned down into the 0-10 kHz range and then re-scaled for display. 
As noted, the 10-20 kHz range was also inverted in frequency. Thus the ‘lower end’ of the filter 
response is seen near 20 kHz for both frequency ranges and is the explanation for the noise at those 
frequencies. In addition it is seen that the frequency response of the heterodyned signals is not as 
flat as it is for the 0-10 kHz frequency range although this effect is considerably reduced for the 
Prox Ops sequence, which measured more intense signals and was not spinning or moving in time. 

There are also narrowband signals which are attributable to instrumental effects. Virtually all 
the narrowband emissions observed in the spectra for the DC flux tube connection are instrumental 
in origin. The most prominent of these is seen in the magnetic spectrum at 11.5 kHz which is likely 
to be from a source on the PDP. The slightly broader signal at 24.8 kHz is spin modulated and 
has an amplitude which varies with distance from the conjunction field line and hence is likely 
originate on the Orbiter. In addition there are small amplitude, narrowband signals which can 
be found at 1.1 or 2.2 kHz from the ‘lower end’ of the 10 kHz wide frequency bands. They are 
clearly instrumental and have not been investigated in detail. We can note that, when the PDP is 
mounted in the payload bay, there is a considerable magnetic, narrow band noise which complicates 
the appearance of the magnetic spectra. This is in contrast to the OSS-1 mission in which there 
was significant electric, narrowband noise but little magnetic interference (Shawhan et al., 1984a ; 
Reeves et al., 1988]. The instrumental effects are also present, but not labeled, in the other spectra 
in figure 6. 

The DC Flux Tube Connection. 

The relevant orbital and instrumental parameters for this and the other two sequences are 
given in Table 1. The DC flux tube connection sequence took place at relatively high latitudes 
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during daytime with an ambient electron density of ~ 10 s cm -3 . Figure 6a shows the electric field 
measured at ~ 50 m from the conjunction field line and the magnetic field measured at ~ 25 m 
while the electron beam is operated in DC mode with a current of 50 raA. In the VLF range at 
these locations, broadband electric and magnetic emissions are generated by the beam. The electric 
field wave amplitudes fall in the range 10“ 8 - 10~ 6 V/m and the magnetic amplitudes are between 
2 x 10“ 7 and 2 x 10“ 5 nT. The amplitude of the signals, at this distance, decreases with frequency, 
at a steady rate, up to the 30 kHz limit of the receiver. The ratio of c(B)/(E) (where ( ) denotes 
time average) is of order 1 and is fairly constant with frequency. 

The Pulsed Flux Tube Connection. 

The spectra for two antenna periods during the Pulsed flux tube connection are shown in fig- 
ure 6b. The electric and magnetic field measurements were made at perpendicular distances of 
approximately 35 and 70 m respectively. It is notable that the broadband signals from the 100 mA, 
50% on-time, pulsed electron beam are comparable in amplitude to the 50 mA, 100% on-time, DC 
electron beam for both the electric and the magnetic fields and at all frequencies measured. The 
narrowband emissions are considerably stronger than the broadband emissions. Narrowband wave 
amplitudes lie between 5 x 10 -8 and 5 X lO -4 V/m for the electric antenna and between 10 -6 
and 10 -3 nT for the magnetic antenna. The amplitudes of the narrowband emissions generally de- 
crease with frequency but show a greater variation than the broadband emissions. The narrowband 
emissions are more electromagnetic than the broadband emissions with c(B)/(E) of order 10. 

The Ptox Ops Sequence. 

During the Prox Ops sequence the electron beam was modulated at 1.22 kHz, 100 mA, 50% 
duty cycle and the PDP was mounted in the payload bay. The spectra are shown in figure 6c. We 
see that the broadband emissions again have c(B)/(E) of order 1 and have a similar spectral shape 
to the broadband emissions from the DC and Pulsed flux tube connection sequences. However, 
the emissions are an order of magnitude stronger due to the proximity of the PDP to the FPEG 
(6.62 m). The narrowband emissions again show strong response at the pulsing frequency and its 
harmonics but c(B)/(E) is only of order 1. Some of the variation of harmonic structure is seen 
by comparing the amplitudes of the even harmonics with those measured during the Pulsed flux 
tube connection. The magnetic field amplitudes are quite similar but the electric field amplitudes 
during the Prox Ops sequence are considerably enhanced. This is not simply a result of the PDP 
being in the payload bay since a variety of harmonic structures are observed with the PDP both 
mounted and free-flying. 

The time-variation of wave amplitudes 

Investigation of the long-term evolution of the wave amplitudes as a function of time were 
made. To do this, the data was processed to extract the average amplitude in the frequency band 
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1-7— 1.8 kHz. The frequency range 1. 7-1.8 kHz was chosen because it lies between harmonics of 
1.22 kHz and contains only broadband emissions but is near enough in frequency to the 1.22 kHz 
fundamental frequency so a comparison of broadband and narrowband amplitudes can be made. 

Data was extracted for all the antenna periods which measured the 0-10 kHz range during the 
DC and Pulsed flux tube connections. The average wave amplitude in the frequency range 1.7- 
1.8 kHz is shown as a function of time for the DC flux tube connection (figure 7) and for the Pulsed 
flux tube connection (figure 8). 

The DC Flux Tube Connection. 

The DC flux tube connection data starts at day 213, 03:28 GMT. At this time the Orbiter is on 
the Earth’s day side. The PDP passes closest to the conjunction field line at approximately 03:34:01 
and this is referred to as the ‘flux tube connection’. The sequence ends at 03:39 still in daytime 
conditions. During both flux tube connection sequences, the electron beam is freely escaping and 
has a pitch angle given by the angle between the magnetic field line and a line connecting the 
Orbiter and the PDP. (See figure 1.) The electron beam emission began at 03:30:12. Before this 
time the PDP measured highly time varying ambient fields. As was the case for the Pulsed flux tube 
connection, the strongest emissions are due to natural whistlers and to the effects of the Orbiter 
thrusters. (See figure 4a.) 

When the FPEG is turned on the measured fields become more structured with the second 
magnetic and third electric antenna periods showing the most dear spin modulation of the signals. 
The electric field amplitudes show less structure but the average field amplitudes are only slightly 
enhanced above the pre-gun-turn-on levels of about 10 -6 V/m. The magnetic field amplitudes are 
also enhanced above background levels but still lie close to the range of 5 x 10“ 6 nT seen before 
FPEG turn-on to 5 x 10 -5 nT after FPEG turn-off. While the FPEG is on, field amplitudes remain 
fairly constant with tin* exception of the fourth electric antenna period when intense electric fields 
are measured which saturate the Automatic Gain Control for nearly 10 s and then drop rapidly 
back down to the 10 -6 V/m level. The strongest signal was measured when the PDP was at its 
closest approach to the conjunction field line. This distance has been calculated to be less than 
5 m. 

The Pulsed Flux Tube Connection. 

The Pulsed flux tube connection data starts on day 213 at 04:04 GMT, lasts for 13 min, and takes 
place on the night side of the earth. For this sequence, the FPEG is off throughout the period of 
approach to the conjunction field line and is turned on when the PDP is near its closest approach, 
unfortunately while the wideband receiver is connected to the Langmuir probe, preventing the 
acquisition of wave data. The FPEG is then on for the remainder of the sequence while the PDP 
completes a trajectory very similar to that for the DC flux tube connection (figure 1). We see that 
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the ambient fields, measured with the FPEG off, are nearly 100 times weaker for the electric and 10 
times weaker for the magnetic field measurements. As seen from the spectrograms in figure 4, the 
ambient fields, although slightly spin modulated, are dominated by natural whistlers and thruster 
wave effects as they were in the DC case. With the FPEG on we see enhanced electric and magnetic 
field amplitudes that drop off as the PDP moves away from the conjunction field line. The electric 
field amplitudes at about 100 m perpendicular distance from the beam are on the order of 10 -6 V /m 
and the magnetic field amplitudes range from 10~ 6 to 10 -5 nT. These values are very nearly the 
same as the amplitudes of broadband emissions in the DC case and, as we have seen, the amplitude 
of broadband emissions during the two flux tube connections tend to be the same for all frequencies 
in the 0-30 kHz range. 

For the Pulsed flux tube connection we can also compare the dependence of field amplitude 
as a function of distance from the conjunction field line for narrowband as well as broadband 
emissions. This dependence is shown in figure 9a for the electric antenna and figure 9b for the 
magnetic antenna. The amplitude plotted is the amplitude averaged over the 26 s duration of 
the 0-10 kHz frequency range and the distance is the average distance during that period. The 
electric field amplitude of the narrowband emission at 1.22 kHz is five times stronger than the 
average broadband amplitude in the 1.7-1.9 kHz frequency range and the magnetic field amplitude 
at 1.22 kHz is fifteen times stronger than the broadband amplitudes. This ratio stays fairly constant 
and thus relatively independent of where the wave field is measured. 

It should be noted that a comparison of broadband and narrowband emissions at higher harmonic 
frequencies shows different behavior because the harmonic structure of the narrowband emissions 
varies in time and/or distance. Figure 10 shows the harmonic structure at four distances for the 
electric antenna (a) and at three distances for the magnetic antenna (b). One interesting feature is 
that for greater distances from the conjunction field line, the electric field amplitudes of the second 
and third harmonics are larger than the amplitude of the fundamental. The magnetic field data 
does not display this behavior but instead shows the even harmonics (the ‘forbidden’ frequencies) 
at greatly reduced amplitudes for all distances. The unexpected strength of the second and third 
harmonic electric field amplitudes at large distances may be due to their proximity to the lower 
hybrid resonance frequency which is approximately 3.6 kHz for the conditions during the Pulsed 
flux tube connection. 

The Prox Ops Sequence. 

The Prox Ops sequence begins on day 212 in sunlight. The Orbiter velocity vector was directed 
toward the nose and slightly down (below the plane of the wings) so the payload bay was in light 
wake conditions. (See table 1.) At 18:31:42 the electron beam was turned on and the electric 
field broadband and narrowband amplitudes increased over previous background levels by roughly 
a factor of 10 and 100 respectively (figure 11). The amplitude of broadband and narrowband 
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emissions stays fairly constant up to 18:35:15 when the electron beam was determined to have hit 
the Orbiter starboard payload bay door. We observe that the amplitude of both the narrowband and 
the broadband electric emissions abruptly increase at this time while the magnetic field amplitudes 
do not. When the FPEG turns off at 18:36:52, the broadband signals are at their pre-sequence 
levels while the 1.22 kHz signals are an order of magnitude higher indicating that the Orbiter 
environment is still ‘ringing’ at the pulsing frequency. The spectra shown in figure 6 c are from 
the earlier portion of the sequence when the electron beam was escaping. Spectra from the later 
portion of the sequence are considerably different with the 0-10 kHz, even and odd harmonics of 
comparable amplitude (figure 12 ). 

4. DISCUSSION 


Comparison with STS-3/OSS-1 

The wave spectra from pulsed electron beam operations on Spacelab -2 were found to confirm and 
extend the results from the STS-3/OSS-1 mission [Reeves et al., 1988]. Broadband electromagnetic 
emissions are produced by beam operations and narrowband emissions at the pulsing frequency 
and its harmonics are observed both during the free-flight and when the PDP was mounted in the 
payload bay (as it was for STS-3). The harmonic structure of narrowband emissions varies from 
one sequence to another. As in figure 4c, it is often observed that narrowband frequencies for which 
sin(iirb/d) = 0 (where 7 is the harmonic number and b/d is the duty cycle) are not observed or 
are observed with significantly reduced amplitudes. For this reason, these frequencies are referred 
to as ‘forbidden frequencies’. The presence of emissions at the forbidden frequencies is thought to 
reflect a loss of coherence of the square-wave structure of the current source, as will be discussed 
further below. 

An important observation from STS-3/OSS-1 was the detection of ‘satellite lines’ and ‘sub- 
harmonics’. Satellite lines were identified as narrowband emissions associated with the harmonics 
of the beam pulsing frequency. During the STS-3 mission, they were often observed in conjunction 
with harmonics particularly in the higher frequency ranges (20-30 kHz). The difference between 
the frequency of the harmonic and the satellite line (A/) was found to be the same for each 
harmonic which had an associated satellite line, but A / itself varied with time. Sub-harmonics 
are narrowband emissions observed well below the pulsing frequency, usually in the ELF band. It 
was found that the frequency of the sub-harmonics (/,„(,) was equal to the difference in frequencies 
between the satellite lines and the harmonics {f 3u b — A/). (See figure 9 of Reeves et al. [1988].) 
Satellite lines and sub- harmonics have been observed on the Spacelab -2 mission during the Pulsed 
flux tube connection sequence. As with STS-3, it was observed that the satellite lines are more 
commonly associated with higher harmonics, that / 4U (, = A/, and that f 3U b and A / vary in time. 
These observations are mentioned here for completeness. An analysis of the production of satellite 
lines and sub-harmonics will appear is a later publication. 


14 


The results from the STS-3/OSS-1 mission presented by Reeves et al. [ 1988 ] and preliminary 
observations from Spacelab-2 presented by Bush et al. [ 1987 ] were primarily qualitative observa- 
tions of the characteristics of electron beam wave generation. The development of a technique for 
extracting wave amplitude from the broadband data has allowed for a more quantitative discussion 
for the results of Spacelab-2. 

Broadband emissions from pulsed and DC electron beams 

Figures 6, 7, and S reveal some basic information about the amplitude of broadband emissions 
generated by electron beams in space plasmas. It appears that DC and pulsed electron beams 
that deliver the same power into the plasma medium produce broadband emissions of comparable 
amplitude and comparable spectral shape when measured at similar locations with respect to the 
magnetic held line along which the electron beam propagates. The background fields during the DC 
flux tube connection were considerably stronger than the background fields during the Pulsed flux 
tube connection. When the FPEG is on, the measured held amplitudes range from saturated values 
at locations very near the conjunction held line to 10 -6 V/m and 10~ 6 -10 -5 nT at larger distances 
from the conjunction held line. In the case of the DC flux tube connection, the amplitudes of beam 
generated electromagnetic fields at larger distances are of the same order as the background fields 
while for the Pulsed flux tube connection, the beam generated fields are above the background 
levels at all points of measurement. Although, as we would expect, the amplitude is a function 
of the frequency and the position at which the wave field is measured, we can make some general 
comments about broadband wave production by electron beams propagating along magnetic field 
lines in the ionosphere. 

From figures 7 and 8 we identify three zones of wave amplitude. Zone 1 occurs very near 
the conjunction field line and is a narrow region of very intense wave activity. Zone 2 spans a 
somewhat wider region of space than zone 1 and is characterized by a very rapid decrease in 
amplitude with increasing distance from the conjunction field line. Zone 3 contains wave fields that 
are of significantly lower amplitude than those in zones 1 and 2 but often above the amplitude of 
ambient, background wave activity. 

Zone 1 is a region of very disturbed plasma which exists in a region near the electron beam 
and in the wake of the beam. For the DC flux tube connection zone 1 extends approximately 
20 m in diameter which is somewhat larger than the region in which the beam is expected to be 
propagating. It is characterized by a very turbulent plasma environment which makes measurement 
of temperature and density unreliable. As observed, it is also a region of intense wave activity which 
saturated the wideband receiver. These waves include the Cherenkov, resonance cone radiation 
which at higher frequencies produces the funnel-shaped emissions observed by Gurnett et al. [ 1986 ]. 
At frequencies below 30 kHz those waves propagate at less than 5° to the magnetic field and thus 
occupy a region of very small spatial extent. 
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The waves in zone 2 have been identified as produced by the Cherenkov resonance with wave 
normal angles less than the resonance cone angle [Reeves et al. y this issue]. Zone 2 can be defined by 
the region of propagation of this radiation. Although the free-flight of the PDP allowed sampling of 
the wave environment to distances of several hundred meters perpendicular to the conjunction field 
line it still lay within a distance which is less than or of the order of a perpendicular wavelength of 
radiation in tills mode. 

The emissions observed in zone 3 lie outside the region of propagation for Cherenkov radiation 
with wave normal angles less than the resonance cone angle. However, the enhanced amplitude of 
emissions observed in this region compared to ambient wave fields can be attributed to near-field 
radiation which is observable within a few perpendicular wavelengths of the conjunction field line. 
The reader is referred to the accompanying paper [Reeves et al. } this issue] for a more detailed 
theoretical analysis of the waves found in these zones. 

Narrowband emissions 

We have seen that the amplitudes of narrowband emissions produced by pulsed electron beams 
share some of the same characteristics as broadband emissions. The theory of Harker and Banks 
[19$ 7] was developed to predict the electric field amplitudes of narrowband, near-field radiation 
from pulsed electron beams in space. Neubert and Harker [1988] extended this theory narrowband 
magnetic field amplitudes. A detailed comparison of the observed and predicted amplitudes of the 
narrowband radiation can be found in the accompanying paper [Reeves et al. f this issue]. There 
it is shown that the best agreement between observation and theory occurs for the predictions for 
Cherenkov radiation with wave normal angles less than the resonance cone angle. The predicted 
wave amplitudes for the conditions during the Pulsed flux tube connection sequence are presented 
in figure 13. The electric and magnetic field amplitudes are plotted vs. harmonic number for 
the distances at which measurements were made. Comparison of figures 13 and 10 show that the 
observed wave amplitudes for the odd harmonics are somewhat lower than those predicted by theory 
but are comparable in amplitude and spectral shape. The theory does not predict amplitudes for 
the even harmonics because of the assumption of perfect square-wave coherence. 

The harmonic structure of narrowband emissions 

The prediction that the even harmonics are ‘forbidden’ is specific to the case of an electron 
beam which is pulsed with a 50% duty cycle. In general, any harmonic for which the harmonic 
number times the duty cycle of the beam pulse is integral will be predicted to be forbidden. This 
is a result of the Fourier decomposition of the square wave shape of the electron beam current 
and is independent of the details of the calculation. We observe that the even harmonics have a 
substantially reduced magnetic component but that the electric component may have an amplitude 
which exceeds the amplitude of the odd harmonics (figures 6 and 10). The presence of narrowband 
harmonics at the forbidden frequencies is most likely due to a degradation in the coherence of the 
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beam making the assumption of a perfect square wave current source invalid. This possibility is 
supported by an analysis of the harmonic structure during the Prox Ops sequence. 

During the Prox Ops sequence the PDP measures fields in the Orbiter payload bay 6.62 m the 
FPEG aperture. Both the broadband and narrowband amplitudes are therefore higher than those 
measured during the free- flight at times other than the period of AGC saturation in zone 1. During 
the Prox Ops sequence the PDP is fixed in position. However, the relative orientations of the 
Orbiter with respect to the ambient magnetic field vector changes so that the Prox Ops sequence 
begins with the electron beam freely escaping the Orbiter bay but ends with the beam hitting the 
Orbiter. Using the measured values of the ambient magnetic field strength and direction and the 
nominal electron beam energy of 1 keV, the trajectory of the electrons can be calculated. This 
information was used with a three-dimensional computer model of the Orbiter and the instruments 
in the payload bay to determine that, as the magnetic field direction changed from 120° to 114° 
from the Orbiter z-axis, the electron beam hit the Orbiter on the starboard payload bay door 
approximately 4 m from the FPEG aperture. The calculations were done assuming each electron in 
the beam acts independently and follows the classical helical trajectory around the magnetic field. 
Observations of the electron beam hitting the tail of the Orbiter using the Low Light Level TV 
camera on the OSS-1 mission have shown that this is not the case. Rather, the electrons spread 
both along and across the magnetic field direction to form a hollow cylinder defined by the gyro- 
radius of the electrons and the magnetic field which will be referred to as the ‘beam column’ [Banks 
and Raitt, 1988 ']. This spreading takes place within a distance of several meters so the intersection 
of the beam column and the Orbiter surface is more likely an ark defined by the intersection of the 
beam column and the payload bay doors. The result of the change in the propagation of the electron 
beam away from the Orbiter is a change in the characteristics of radiation from the electron beam. 
The fact that electric field amplitudes increase when the electron beam hits the Orbiter while the 
magnetic field amplitudes do not (figure 11) suggests that the fields measured very close to the 
beam are near-field, incoherent emissions but that the current distribution still defines the spectral 
structure. The spectral structure of the narrowband emissions give some clues as to the radiating 
portion of the electron beam pulse. When the beam is freely escaping, the spatial distance between 
two 1.22 kHz pulses is 15 km in free space. When the beam hits the Orbiter its length is only 
several meters and the harmonic structure of the beam changes as is shown in figure 12. The even 
harmonics in the 0-10 kHz frequency range become comparable in amplitude to the odd harmonics 
because the square wave current structure is lost. 

5. CONCLUSIONS 

The VLF wave observations from the wideband wave receiver on Spacelab-2 confirm and ex- 
tend the results of electron beam wave stimulation experiments on the STS-3/OSS-1 mission 
/ Reeves et ai, 19S8]. It was found on both missions that a 1 keV electron beam injected from the 
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Space Shuttle Orbiter produced copious broadband electromagnetic emissions. When the electron 
beam was square-wave modulated, narrowband emissions at the pulsing frequency and harmonics 
of that frequency are observed to be produced along with the broadband emissions. The harmonic 
structure of the narrowband emissions was often consistent with the assumption of a square-wave 
current source but, at times, forbidden frequencies were observed indicating some loss of coherence 
in the square-wave structure. Satellite lines and sub-harmonics with f lu b = A / were observed 
during the Pulsed flux tube connection but the production of satellite lines does not appear to have 
been as common during the Spacelab-2 beam firings as during beam firings on the STS-3/0SS-1 
mission. 

The Spacelab-2 mission included a 6 hour free-flight of the PDP which allowed sampling of the 
wave environment out to several hundred meters from the Orbiter. In addition, a technique was 
developed wherein the broadband analog signal was digitized and the effects of the automatic gain 
control could be removed. This allowed the determination of absolute wave amplitudes. These 
two improvements allow more quantitative observations and more detailed analysis of the electron 
beam wave generation results than was possible for the STS-3 experiments. 

It was found that the wave environment at distances of several hundred meters from the Orbiter 
when the FPEG was not firing was dominated by broadband natural atmospherics and Orbiter 
thruster-generated wave disturbances. Ambient wave fields can have amplitudes up to 10 -6 V/m; 
10~ 5 nT but the higher amplitude wave fields tend to be observed mainly in regions of higher 
ambient plasma density. The broadband ambient wave amplitudes may be spin modulated but are 
often more highly time varying. Narrowband, electrostatic, variable frequency emissions are also 
observed in the ambient wave environment. 

During both DC and Pulsed electron beam operations, broadband electromagnetic radiation 
is produced throughout the 0-30 kHz range of the wideband receiver. The observations of wave 
amplitudes from the wideband receiver and the IMP/HELIOS filter bank indicate that this is 
radiation produced by the Cherenkov resonance. During the flux tube connections it is possible 
to observe the wave fields at various locations with respect to the conjunction field line. Three 
zones of wave activity were identified. Zone 1 occurs closest to the conjunction field line. It is 
characterized by a region of very turbulent plasma and by large amplitude waves with wave normal 
angles on the resonance cone (0 = 0 r „). These waves saturate the wideband VLF wave receiver 
and are responsible for the funnel shaped emission identified by Gurnett et al. [1986], Broadband 
VLF emissions in the range 100 < / < 30,000 Hz are identified in Reeves et al. [this issue] as 
Cherenkov resonance waves with 6 < 9 rea . Zone 2 is defined by the region of propagation of those 
waves. Zone 3 contains near-field contributions to the wave environment which exist within a few 
perpendicular wavelengths from the conjunction field line. The amplitude of these emissions, in 
some cases, still exceeds the amplitude of waves in the ambient environment. 

The amplitude of broadband emissions during the Pulsed flux tube connection sequence was 
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found to be approximately equal to those for the DC flux tube connection sequence when measured 
at similar positions with respect to the conjunction held line. This was true throughout the mear 
sured frequency range. These results indicate that 100 mA, 50% duty cycle, pulsed beams produce 
broadband emissions through the same mechanism as for 100 mA, DC beams. 

In addition to broadband radiation, pulsed electron beams produce narrowband radiation at the 
pulsing frequency and its harmonics. Comparison of measured amplitudes with predictions using 
the theory of Harker and Banks [198 7] for near-held, narrowband radiation from pulsed electron 
beams show good agreement for the s = 0, Cherenkov resonance solutions with wave normal angles 
less than the resonance cone angle ( 9 < 9 rea ). The observed waves generally have amplitudes less 
than those predicted by Harker and Banks but are less than a factor of 30 lower in amplitude than 
predicted. The observed harmonic structure is consistent with the predictions with the exception 
of the electric held measurements at distances greater than 100 m from the conjunction held line. 
For those measurements, the second and third harmonics, which have frequencies near the lower 
hybrid frequency, appear with slightly enhanced amplitudes. The observation that the broadband 
and narrowband amplitudes near the beam pulsing frequency have the same variation in amplitude 
with perpendicular distance to the conjunction held line is also consistent with the conclusion that 
both are produced through s = 0, Cherenkov resonance with 9 < 9 rea . 

The presence of emissions at the forbidden frequencies is not predicted by theory but appears 
to be the result of loss, or partial loss, of the coherence of the square- wave structure of the current 
source. In the case of a 50% duty cycle beam pulsing, the even harmonics are forbidden. Observa- 
tions during the Prox Ops sequence show that, when the beam is freely escaping, the amplitude of 
the forbidden, even harmonics is as much as two orders of magnitude lower than the odd harmon- 
ics. As the inclination of the earth’s magnetic field with respect to the Orbiter changed during the 
Prox Ops sequence, the electron beam hit the Orbiter payload bay doors instead of escaping. At 
this time the wave amplitudes measured in the payload bay increased and the harmonic structure 
changed such that forbidden, even harmonics appeared with amplitudes equal to the amplitude of 
the odd harmonics. It is believed that this is the result of the inability of the beam to maintain 
square-wave structure. In general it is found that observations of the magnetic field components at 
the forbidden frequencies are in better agreement with theory and that the harmonics at forbidden 
frequencies are more electrostatic than the other harmonics. 
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6. FIGURE CAPTIONS 

Table 1. Instrumental and orbital parameters for the Spacelab-2 mission which are relevant to 
the DC and Pulsed flux tube connections and the Prox Ops sequences. Orbital parameters are from 
the best estimated trajectory tables for Spacelab-2. Characteristic frequencies are calculated for the 
measured or estimated magnetic field strengths and electron densities. For the Prox Ops sequence, 
the electron density was taken to be one third of that predicted by the International Reference 
Ionosphere model [Blitza, 1986] based on comparison of measured and predicted densities for the 
other two sequences. 

Figure 1. The trajectory of the PDP for two flux tube connections. The Orbiter is at the origin 
and parallel and perpendicular refer to the conjunction field line connected to the Orbiter. The 
trajectories for the DC and the Pulsed flux tube connections are shown. Sequence start and stop 
times are noted and one point is plotted for every 30 s. 

Figure 2. The position of the FPEG, the PDP, the CCP, and other instruments mounted in the 
payload bay on Spacelab-2. The orbiter coordinate system is also indicated in the figure. 

Figure 3. The antenna switching pattern. One antenna switching cycle consists of 8 ‘antenna 
periods’ which alternate between electric and magnetic antennas with the final magnetic antenna 
period being replaced by a Langmuir probe period. Both the ELF and VLF bands are subject to 
the same, synchronized, switching pattern. In addition, the VLF band is subjected to a frequency 
switching pattern. In both the electric and magnetic antenna periods, 0- 10 kHz is measured for 
half a period and 20-10 kHz (inverted) and 20-30 kHz are measured for a quarter period. 

Figure 4. Spectrograms of four antenna periods during the Spacelab-2 mission. The antenna 
switching pattern is superimposed on the data so the first 26 s are 0-10 kHz, the next 13 s are 
10-20 kHz (with 10 kHz at the top) and the final 13 s are 20-30 kHz. The AGC modulation of the 
amplitudes has not been removed so amplitudes are relative, (a) An antenna period from the Pulsed 
flux tube connection sequence before FPEG turn-on. The ambient wave field includes natural 
atmospherics, including whistlers; Orbiter thruster-generated waves; and narrowband, variable 
frequency emissions, (b) An antenna period from the DC flux tube connection sequence. The 
FPEG is operating in DC mode with a 50 mA beam current. Broadband beam-generated emissions 
are observed and the amplitude if these emissions are modulated by the spin of the PDP. (c) An 
antenna period from the Pulsed flux tube connection when the FPEG is pulsing with a 100 mA 
beam current and a 50% duty cycle at 1.22 kHz. Narrowband harmonics and broadband emissions 
are observed and are spin modulated, (d) An antenna period from the Prox Ops sequence when 
the PDP is in the payioad bay and the FPEG is pulsing at 1.22 kHz, 100 n»A, 50% duty cycle. 
Strong narrowband harmonics are seen beginning 19 s into the antenna period when the FPEG is 
turned on. 

Figure 5. The amplitude of the 1.22 kHz narrowband emission observed with the magnetic field 
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search coil plotted as a function of time. Spin modulation of the amplitude due to the rotation of 
the PDP is observed and may be compared with the function sin 2 (ut ). A transient disturbance 
due to the operation of the or biter thrusters is also observed. 

Figure 6. The 0-30 kHz wave spectra for (a) the DC flux tube connection, (b) the Pulsed flux 
tube connection, and (c) the Prox Ops sequence. The upper plots in each figure show the electric 
field amplitude (in V/m) vs. frequency. The lower plots show magnetic field amplitude (in nT) vs. 
frequency. To facilitate comparison with the spectrograms of figure 4, frequency is plotted on the 
vertical axis. 

Figure 7. The amplitude of electric (top) and magnetic (bottom) field components in the fre- 
quency range 1. 7-1.9 kHz as a function of time for the DC flux tube connection sequence. The 
trajectory of the PDP is shown in figure 1. Three zones of beam-generated wave emissions and the 
region of ambient wave fields may be identified with various amplitudes. Gaps in the wave data 
are times when the wave receiver is observing waves in the 10-30 kHz frequency range. 

Figure 8. The amplitude of electric (top) and magnetic (bottom) field components in the fre- 
quency range 1. 7-1.9 kHz as a function of time for the Pulsed flux tube connection sequence. The 
trajectory of the PDP is shown in figure 1. At the time of closest approach to the conjunction field 
line the FPEG is turned on. The wave receiver was connected to the Langmuir probe at this time 
and there is an additional gap in the wave data. 

Figure 9. A comparison of narrowband and broadband field strengths as a function of perpen- 
dicular distance to the conjunction field line during the Pulsed flux tube connection as measured by 
the (a) electric dipole antenna and (b) the magnetic search coil antenna. The ratio of amplitudes 
is observed to be a fairly constant function of distance from the conjunction field line. 

Figure 10. The measured (a) electric (b) and magnetic field harmonic structure during the 
Pulsed flux tube connection at various distances from the conjunction field line. For distances 
greater than 100 rn the electric field amplitudes of the second and third harmonics are observed 
to be slightly enhanced. For the magnetic field measurements the even, forbidden harmonics are 
plotted with dashed lines and are observed to be of significantly lower amplitude than the odd 
harmonics. 

Figure 11. The time- variation of the electric and magnetic field amplitudes during the Prox Ops 
sequence showing the increase in electric field strength when the beam is turned on and the further 
increase when the electron beam hits the Orbiter instead of propagating away from the Orbiter. 
The amplitude of the 1.22 kHz emission observed with the magnetic antenna does not increase 
when the beam hits the orbiter. 

Figure 12. A comparison of the amplitudes of narrowband harmonics of the 1.22 kHz pulsing 
frequency during the Prox Ops sequence. When the beam is freely escaping from the Orbiter, 
the even ‘forbidden’ harmonics appear with significantly reduced amplitude compared to the odd 
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harmonics. When the beam hits the Orbiter, its square-wave current structure is lost and the even 
harmonics appear with amplitudes which are comparable to the amplitudes of the odd harmonics. 

Figure 13. The (a) electric and (b) magnetic field amplitudes predicted using the theory of Harker 
and Banks [198 7/. Plots show the predicted amplitude for the s = 0, Cherenkov resonance with 
9 < 9 res as a function of harmonic number. The measured magnetic field strength, electron density, 
and pitch angle appropriate for the Pulsed flux tube connection were used for the calculation. 
Comparison with the measured amplitudes (figure 10) show fairly good agreement. 
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KasagEEgroii 

Pulsed Flux Tube 

Prox Ops 

Parameters 


Connection 

Sequence 

beam energy 

1 keV 

1 keV 

1 keV 

beam current 

50 mA 

100 mA 

100 mA 

duty cycle 

100% 

50% 

50% 

location of PDP 

free-flight 

free-flight 

payload bay 
6.62 m from FPEG 

sequence start time 

213/03:28 

213/04:04 

212/18:31 

sequence stop time 

213/03:39 

213/04:17 

212/18:39 

FPEG turn-on 

213/03:30:12 

213/04:11:13 

212/18:31:42 

FPEG turn-off 

213/03:37:22 

213/04:18:23 

212/18:38:52 

altitude of the Orbiter 

325 km 

321 km 

327 km 

start latitude 

28® 

3° 

48® 

stop latitude 

54° 

-38° 

48® 

start longitude 

15° 

1° 

14® 

stop longitude 

18® 

4® 

27® 

day/night 

day 

night 

day 

measured electron density 

1 x 10 s cm' 3 

3 x 10 4 cm -3 

unavailable 

IRI predicted electron density 

3.5 x 10 5 cm” 3 

8.1 x 10* cm -3 

6.5 x 10* cm" 3 

magnetic field strength t 

.407 G 

.225 G 

.476 G 

magnetic field azimuth t 

356 a 

14® 

99® 

magnetic field elevation t 

% 0° 

« 0® 

115® 

shuttle velocity 

7.7 km/s 

7.7 km/s 

7.7 km/s 

velocity azimuth t 

354° 

166® 

354® 

velocity elevation t 

75° 

126® 

118® 

I?* 1 

2.8 MHz 

1.6 MHz 

4.0 MHz 

f ee 

1.1 MHz 

.63 MHz 

1.3 MHz 

fci(0+) 

38.8 Hz 

21.5 Hz 

45.4 Hz 

/«(*+) 

611 Hz 

344 Hz 

727 Hz 

Ilhr * 

6.6 kHz 

3.6 kHz 

8.4 kHz 

1 values are for the time of closest approach to the conjunction field line 


+ calculated using 2% // + and 

neasured electron densities for the DC 


and Pulsed flux tube connections and n e = ^6.5 x 10 5 cm -3 for the Prox Ops sequence. 
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Trajectory of the PDP during the Flux Tube Connections 
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Experiments investigating the generation of electromagnetic radio-frequency waves 
by the injection of electron beams into ionospheric plasmas were conducted in July 
and August of 1985 on the Spacelab-2 Space Shuttle mission. Among the results 
were the production of broadband electromagnetic emissions from continuous and 
square-wave modulated, low-power (1 keV, 50/100 mA) electron beams and the 
observation of narrowband radiation from pulsed beam operations [Reeves et ai, 
this issue]. This paper presents an analysis of the observations from Spacelab-2. 
Broadband emissions from DC and pulsed electron beams are found to be consistent 
with production of waves through the s = 0, or Cherenkov resonance. Broadband 
emissions at frequencies below 30 kHz have features which can be explained in terms 
of propagation characteristics of waves, produced through the Cherenkov resonance, 
which have wave normal angles less than the resonance cone angle. A single ion 
cold plasma theory is used to explain some of the general features observed in the 
data. The effects of the presence of a second ion species on the wave spectra at 
low frequencies and the effects of making wave measurements in the near-field of 
the beam are also considered. Comparison of observations of narrowband radiation 
with a theory of wave generation by pulsed electron beams [Harker and Banks, 
1987] is also found to show the best agreement with measurements for predictions of 
Cherenkov resonance with wave normal angles less than the resonance cone angle. 


1. INTRODUCTION 

The Spacelab-2 electron beam wave generation experiments were part of a continuing effort 
to investigate the properties of beam- plasma- wave interactions using active experiments in space. 
Summaries of some of the research which has been conducted using electron beams in space can be 
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found in Reeves et al. [this issue]; Winckler [1980]; and Myers et al. [1988]. The results analyzed 
here were obtained by co-operative use of the instruments in the Stanford University/Utah State 
University, Vehicle Charging and Potential (VCAP) experiment [Banks et a/., 1987; Hawkins 1988] 
and the University of Iowa Plasma Diagnostics Package (PDP) [Shawhan et al. , 1984a]* The VCAP 
experiment included a Fast Pulsed Electron Generator (FPEG) which produced a 1 keV electron 
beam with currents of 50 or 100 mA. The beam was operated both continuously, in DC mode, 
and in pulsed mode with frequencies and duty cycles which were command controlled. The VCAP 
experiment package also included a spherical retarding and potential analyzer, a Langmuir probe, 
and charge and current probes which were used to investigate vehicle charging and the collection 
of return current during electron beam operations. More information on the VCAP instruments 
and their use on the Spacelab-2 and STS-3/OSS-1 missions can be found in Banks et al. [1988]; 
Hawkins [1988]; and Reeves et al. [1988]. 

The waves produced by the injection of electrons into the ambient plasma were measured using 
instruments on the PDP. The PDP is a sub-satellite which contained a variety of instruments 
for the investigation of the ambient plasma and wave environment around the Orbiter and the 
modifications to that environment due to electron beam injection. The PDP was operated both 
when it was mounted in the Orbiter payload bay and when it was released as a free-flying satellite 
out to distances of several hundred meters from the Orbiter. The PDP instruments included a 
wideband wave receiver and an array of band-pass filters known as the IMP/HELIOS instrument. 
These instruments were used to investigate the wave fields produced by the interaction of the 
electron beam with the ionospheric plasma. The wideband receiver recorded signals in the range 0- 
30 kHz using a 1 kHz wide channel (the ELF channel) which monitored the 0-1 kHz frequency range 
and a 10 kHz wide channel (the VLF channel) which was switched between the frequency ranges 
0-10, 10-20, and 20-30 kHz. Both channels of the wideband receiver were connected, alternately, 
to an electric dipole antenna or a magnetic search coil antenna. The IMP/HELIOS instrument 
consisted of an array of 16, 10% bandwidth filters in the frequency range 31 Hz to 17.8 MHz. 
Filter bank data could be used to observe the general structure of electric fields produced by 
beam operations producing a continuous time record (1.6 s time steps) without the complications 
of antenna and frequency switching found in the wideband receiver data. Observations of wave 
fields produced by electron beam operations on Spacelab-2 using the wideband receiver have been 
reported by Bush et al. [1987] and Neubert et al. [1988]. Observations using the IMP/HELIOS 
instrument of funnel shaped wave emissions resulting from Cherenkov, resonance-cone propagation 
of radiation from electron beams have been discussed by Gurnett et al. [1986] and Farrell et al., 
[1988]. (These two papers will hereafter be referred to as *GF\) More detailed descriptions of 
the instruments on the PDP and the use of those instruments for the investigation of the plasma 
and wave environment in the vicinity of the Orbiter can be found in Shawhan et al. [1984b]; 
Gurnett et al. [1986]; Tribble et al. [198S]; and Farrell et al. [ 19SS ]. 
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2. A SUMMARY OF SPACELAB-2 WAVE OBSERVATIONS 


The analysis presented here is based on the observations and discussion presented in Reeves et al. 
[this issue] which will be referred to as *GR\ In GR, the amplitudes, spectral characteristics, and 
time evolution of waves generated by continuous and modulated electron beams were considered. 
GR presented results from three electron beam wave generation sequences on Spacelab-2. These 
sequences are referred to as the ‘DC flux tube connection’, the ‘Pulsed flux tube connection’ and the 
‘Prox Ops’ sequences. In the flux tube connection sequences the PDP was operated as a free-flying 
sub- satellite and the Orbiter maneuvered such that the Orbiter and the PDP lay on the same 
geomagnetic field line: the so-called ‘conjunction field line’. During the DC flux tube connection 
sequence the FPEG was operated continuously with a current of 50 mA. During the Pulsed flux 
tube connection sequence the FPEG was square wave modulated at 1.22 kHz with a 50% duty cycle 
and a 100 mA current. Both the DC and pulsed modes inject the same amount of power and it 
was found that both produce waves with the same amplitude when measured at similar distances 
with respect to the conjunction field line. (See figures 1 and 2 of this paper and figures 7 and 8 of 
GR.) 

The spatial areas in which broadband waves of different amplitudes were observed were defined 
in terms of three zones. In zone 1. the plasma environment is disturbed by the interaction of the 
beam with the ambient plasma. Very intense wave activity which saturates the wideband receiver 
is within « 10 m from the beam. These intense emissions occur in zone 1 which is a very disturbed 
region which exists in the vicinity and in the wake of the electron beam. Zone 2 contains waves of 
lower amplitude and the amplitude drops off rapidly with distance from the conjunction field line. 
The spatial extent of zone 2 is dependent on the frequency of the waves. Zone 3 contains waves 
of significantly reduced amplitude compared to zones 1 and 2 but amplitudes may still be greater 
than the amplitude of the ambient wave fields. Zone 3 extends out to distances greater than the 
maximum distance between the conjunction field line and the PDP. 

During the Pulsed flux tube conjunction and the Prox Ops sequences, the FPEG was pulsed at 
1.22 kHz with a 50% duty cycle. During the Pulsed flux tube connection, the PDP was operated 
as a free-flying satellite. For the Prox Ops sequence, it was stowed at a fixed point in the payload 
bay 6.62 m from the FPEG. Pulsed electron beams were found to produce narrowband emissions 
at the pulsing frequency and harmonics of that frequency. During the Pulsed flux tube connection 
it was found that there was a constant ratio of the amplitude of narrowband emissions at the 
pulsing frequency (1.22 kHz) to the amplitude of broadband emissions near that frequency (1.7- 
1.8 kHz). For the electric field measurements the narrowband emissions were approximately five 
times stronger than the broadband emissions. For the magnetic field measurements the narrowband 
emissions were about fifteen times stronger. These results were independent of where the fields were 
measured [GR. figure 9]. 
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The electric field wave data from the IMP/HELIOS filter bank provides a good over-view of the 
wave environment during the DC and Pulsed flux tube connection sequences. Figure 1 is similar 
to those presented in GF. Spectral intensities (in V 2 /m 2 -Hz) are presented in continuous frequency 
format by interpolating between values at the filter frequencies. Unlike the VLF wideband receiver, 
the IMP/HELIOS instrument had no AGC and the electric field measurements had no antenna 
switching pattern so a continuous time record could be obtained. Figure 1 can be compared with 
figure 7 of GR. The FPEG is operated continuously from 03:30:12 to 03:37:22. At earlier and later 
times in the figure, the FPEG is not on and the ambient wave fields are observed. At approximately 
03:34:01 the PDP passes closest to the conjunction field line and the strongest emissions are seen 
at this time. Intense emissions are observed to be associated with a region which is disturbed by 
the injection of the electron beam. We see that waves are observed at larger distances from the 
conjunction field line (earlier and later times) at frequencies below 1 kHz. The wave amplitude 
drops off more rapidly with distance for frequencies above 1 kHz. At 10 kHz stronger emissions are 
again observed at earlier and later times (~ 03:33 to ~ 03:36). A cut-off in the broadband, beam- 
generated, VLF emissions is observed between 2-5 kHz. These characteristics are interpretable 
in terms of the propagation properties of the electron beam produced waves as will be discussed 
below. 

The filter bank data for the Pulsed flux tube connection sequence is shown in figure 2 and is 
in the same format as figure 1. Since there were only four filters per. decade of frequency, the 
narrowband emissions are not well represented. However, the enhanced amplitude of waves near 
1 kHz compared to the DC flux tube connection is attributable to the contribution of narrowband 
signals. The narrowband wave signals are more clearly represented in the wideband receiver data 
presented in GR. 

The IMP/HELIOS data for the Pulsed flux tube connection shows that the broadband wave 
production and propagation characteristics are similar for DC and pulsed electron beams. For the 
Pulsed flux tube connection, the FPEG was turned on at 04:11:13 when the PDP was near the 
conjunction field line. The FPEG was turned off at 04:18:23. At times when the FPEG was not 
firing, the ambient fields were observed. The ambient electric field amplitudes are two orders of 
magnitude lower during the Pulsed flux tube connection sequence than during the DC flux tube 
connection sequence [GR]. Zone 1 emissions are not observed because the FPEG was not operated 
when the PDP was within 10 m of the beam. Zone 2 and zone 3 emissions are observed as well as 
resonance cone emissions which form the ‘funnel’ above 10 kHz. 

3. ANALYSIS OF ELECTRON BEAM-PLASMA- WAVE INTERACTIONS 


Broadband emissions from pulsed and DC electron beams 


We begin the analysis of the wave modes produced by pulsed and continuous electron beams 
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injected into space plasmas by considering the broadband radiation observed in the three zones 
identified in the Spacelab-2 wave data during the flux tube connection sequences. For simplicity 
we will begin by discussing a two component (0+ and e"), cold plasma in the frequency range 
0 < u < u/ ce where u> ce is the electron cyclotron frequency (/ cc % 1 MHz). We will also assume 
oscillatory behavior of the fields which is equivalent to an assumption that we are in the fax-field of 
the waves. In order to apply the theory of radiation in a cold plasma to the present situation, several 
cautions must be kept in mind. Electromagnetic radiation in the frequency range 0 < w < u ce can 
have wavelengths which range from less than one Debye length to kilometers. Therefore, the PDP 
measured wave fields that were, in some circumstances, within one wavelength of the source. In 
such a situation, far-field radiation assumptions do not strictly apply. Further, the ambient plasma 
contains ion species other than 0+ (notably // + ), it has finite temperature, and is disturbed by 
thruster emissions, vehicle outgassing, and the 7.7 km/s velocity of the Orbiter and the PDP 
through the medium. Never the less, a first order treatment of radiation in a cold plasma can 
explain some of the observed phenomena and it is simpler to conceptualize. Therefore, we will 
begin with a first order treatment of the propagation of broadband radiation from pulsed and 
continuous electron beams and discuss some important refinements of that theory in the following 
section. 

First Order Theory. 

Following the treatment of Al’pert [1983] we first consider the cold plasma dispersion curves 
n 2 (u>), where n is the complex index of refraction (figure 3). Since the dispersion relation is 
quadratic in n 2 there are two roots at any given frequency, as given by the sign before the 

discriminant. In the frequency range u> c , < u < ^ ce , where u? cl * is the ion-cyclotron frequency, only 
the U 2 root is real. This branch is called the whistler mode. At lower frequencies, this branch is 
sometimes referred to as the fast magnetoacoustic mode. In the range 0 < u> < w ct *, both roots are 
real and the 7i x branch is labeled the-ion whistler or Alfven mode. The index of refraction, n, is a 
function of the angle, 0, between the wave normal direction and the direction of the magnetic field. 
For 0 < u> < u LHR (the lower hybrid frequency), the index of refraction surface, n(0), is closed and 
n is finite for all 9. For higher frequencies the surface is open and 7 i( 0 ) becomes infinite at the 
resonance cone angle, 8 rcs . 

In the VLF spectra from Spacelab-2 we find that, in general, there is no distinct change in 
wave amplitude or spectral shape at the lower hybrid frequency [GR. figure 6], The continuity 
of amplitude across the lower hybrid frequency suggests that the broadband emissions observed 
outside the disturbed region near the beam (zone l) are whistler mode emissions that have wave 
normal angles less than the resonance cone angle. 

To explore this idea in the context of Spacelab-2 observations, we consider the beam-generated 
wave amplitudes as a function of ray angle to the source. VVe define the ray angle, a, as the angle 
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between the ray direction and the magnetic field direction. (The geometry is sketched in figure 4.) 
The minimum observable ray angle at a particular location of the PDP will be given by the angle 
between the magnetic field line, B, and the line connecting the Orbiter and the PDP. If we call this 
angle 0 then only waves with ray angles a > 0 will be observed by the PDP at that time. Waves 
with ray angles a = 0 will originate at the source of the electron beam. At the same location, waves 
with larger ray angles will originate at different segments along the length of the beam. During 
the free-flight, the PDP is moving with respect to the conjunction field line. When the PDP is 
far from the conjunction field line, 0 is large and only propagating radiation with large ray angles 
should be observed. As the PDP approaches the conjunction field line, 0 decreases and the range 
of observable ray angles increases. 

Various wave-particle interaction processes can produce radiation in the whistler mode. The 
propagation characteristics of radiation from the electron beam can provide information which helps 
identify the type of interaction observed in the Spacelab-2 experiments. To determine the expected 
wave normal and ray angles we consider the resonance condition fc|| = (u — su> ce )/v\\ where s = 0 
is the Cherenkov or Langmuir resonance, s = 1 is cyclotron resonance, and s = — 1 is anomalous 
cyclotron resonance. The index of refraction is given by n = kcj^>. For u < u,. Hn only the s = 0 
resonance is possible because the magnitude of the index of refraction is less than that required 
for s = ±1 resonance for all wave normal angles. Thus the continuity of amplitude across the 
lower hybrid resonance frequency suggests that the dominant mode of wave generation was the 
Cherenkov resonance. This was also determined to be the resonance condition for frequencies in 
the range u LH r to w ce by Gurnett et al. [ 19S6 ] using wave propagation arguments to explain the 
funnel shaped emission observed during the DC flux tube connection at those frequencies. 

To be specific, we will consider the conditions which existed during the DC flux tube connection 
sequence. (The instrumental and plasma parameters for various electron beam wave generation 
sequences on Spacelab-2 are given in Table 1 of GR.) Using U|| = 1.9 x 10" m/s for a 1 keV beam 
directed along the field line and u ee = 6.3 x 10 6 s" 1 , the Cherenkov resonance condition, $ = 0, 
gives t»|| = 16 and the Cherenkov resonance condition is independent of frequency. Using the 
value ri|| = 16 one can calculate the wave normal angle (or phase velocity angle), 0, and the ray 
angle (or group velocity angle), a. According to cold plasma theory, the ray angle then determines 
the maximum perpendicular distance at which one would expect to detect far-field radiation at a 
particular frequency because at larger perpendicular distances the angle 0 is larger than the ray 
angle, a. 

The ambient magnetic field strength and background electron density during the DC flux tube 
connection were Bq = .40 Gauss, n e = 10 s cm -3 , respectively. Using these values we find that 
the composition of the VLF (0-30 kHz) wave spectra are consistent with an s = 0 resonance with 
6 < drei- At low frequencies (/ = 100 Hz for example) the condition nj| s 16 picks out very large 
wave normal angles, 0 ~ 90°, which on a closed index of refraction surface implies large ray angles. 
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a « 90°. This situation is represented schematically in figure 5a. For / = 1 kHz, the index of 
refraction surface is flatter, 9 < 90°, and a becomes small, a a 5° (figure 5b). At higher frequencies 
a resonance cone develops but the wave normal angles with 9 < 6 res which satisfy n, ( = 16 lie in the 
central hump. At 15 kHz, 9 ss 60° and again, larger ray angles, a as 20°, are found (figure 5c). As 
we continue to increase in frequency the index of refraction surface gets lower at small angles and 
the wave normal angle picked out by the resonance condition approaches zero. At 30 kHz, 0 as 0° 
and a as 0° ( figure 5d). For even higher frequencies, the value of the parallel index of refraction for 
9 < 0 Te , becomes less than 16 and only resonance cone propagation will satisfy the 5 = 0 resonance 
condition (figure 5e). 

The predicted propagation region for waves generated through the Cherenkov resonance prop- 
agating with wave normal angles less than the resonance cone angle is shown schematically in 
figure 6. The propagation region for broadband radiation is determined using cold plasma theory 
to determine the far-field ray angles of beam generated radiation for the conditions of the DC 
flux tube connection. The ray angles and perpendicular wavelengths for various frequencies are 
calculated assuming Cherenkov resonance and 9 < 0 res . Frequency has been plotted vs. distance so 
that figure 6 may be more easily compared with figures 1 and 2. Angle is converted into distance 
by multiplying the sine of the ray angle by 200 m which is a nominal value for the distance from 
the Orbiter to the PDP. As indicated in figure 5, the ray angle, and hence the propagation region, 
is a function of frequency. Low frequency waves in Cherenkov resonance have large wave normal 
angles and the wave normal decreases with increasing frequency until the resonance condition can 
no longer be satisfied in the central hump of the index of refraction surface. 

For frequencies above 30 kHz, only resonance cone emissions are observed and these form the 
funnel structure as explained by Gurnett et al. [1986]. Resonance cone propagating waves exist at 
all frequencies between f LHR and /«, but below / = 30 kHz the resonance cone angle is nearly 90° 
and the ray angles are less than 5°. The VLF emissions that saturate the wideband wave receiver 
in zone 1 are most likely resonance cone propagating waves. The duration of observation of waves 
in zone 1 is not represented well in figures 1 and 2 because wave emissions are at the extreme end 
of the amplitude scale (red) at VLF frequencies both in zone 1 and in zone 2. The strong wave 
emissions observed at ~ 03:34 in figure 1 and at ~ 04:11 in figure 2 are, however, associated with 
the region of disturbed plasma near the beam and in its wake. Although the horizontal scale in 
figures 1 and 2 are time scales, the distance from the PDP to the conjunction field line for the DC 
and Pulsed flux tube connection sequences can be determined from figures 7a and 7b. 

The above propagation properties can be observed in the IMP/IIELIOS filter bank data (figures 1 
and 2). Figures 1 and 6, for the DC flux tube connection, can be compared. The three wave zones 
can be identified, the cut-off of non-resonance cone emissions near 30 kHz is apparent, and the 
resonance cone emissions which form the funnel above 30 kHz can be observed. The Pulsed flux 
tube connection sequence occurred during slightly different ambient conditions and the FPEG was 
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not operated during the approach to the conjunction field line. 

Refinements of the First Order Theory . 

As noted, the analysis above assumes a two component (e~ and 0*) cold plasma and assumes 
far field propagation characteristics. Having determined the general characteristics of broadband 
wave production and propagation, we now consider the observed wave effects which are a result of 
performing measurements within the near-field of the beam and the spectral characteristics which 
are attributable to the presence of a second ion species. 

Near-field Wave Observations . 

During the Spacelab-2 experiments observations were made at locations that were outside the 
propagation region as determined from a far-field, cold plasma model. The waves observed at these 
locations are the zone 3 emissions. The reason that the amplitude of the waves measured at these 
locations does not drop down to ambient background levels is that the perpendicular wavelength 
of propagating waves can be quite large. The perpendicular wavelength is plotted vs. frequency in 
figure 6 which provides a measure of the validity and limits of the far-field approximation. Here 
the index of refraction for s = 0. 9 < 0 r€S is calculated using the conditions for the DC flux tube 
connection and is used to calculate the component of the wavelength which is perpendicular to 
the conjunction field line. For frequencies in the ELF range the wavelengths are several hundred 
to several thousand meters except near the ion-cyclotron frequencies. At VLF frequencies below 
20 kHz the wavelengths are in the range 100-200 m. Thus, although most of the wave data is taken 
within one perpendicular wavelength of the conjunction field line, it is reasonable to assume that 
the results of far-field calculations can be applied to the general characteristics of the function of 
amplitude vs. rav angle. It is also reasonable to attribute the enhancement of wave amplitudes 
above ambient levels in locations outside the region calculated using the far-field assumption to the 
effect of near-field or ‘evanescent’ waves. The wavelength of resonance cone emissions is less than 
or on the order of 10 m and has therefore not been plotted. 

The Effects of H+ on Observed Wave Spectra . 

The first order model of the propagation of far-field radiation derived using cold plasma theory 
for a plasma with a single ion species becomes more complex when one considers the presence of 
a second ion species. At the orbital altitude of 325 km, 0 + is the dominant ion species. There 
is, however, an appreciable amount of singly ionized hydrogen, //+. The effects of the presence 
of a second ion species on the spectral characteristics of beam-generated waves are more dramatic 
at lower frequencies than at higher frequencies. With present, there is an additional ion- 
cyclotron resonance which lies at 611 Hz for B = .40 Gauss. The ray angles predicted from 
cold plasma theory (figures 5 and 6) show the same general characteristics as for the single-ion 
species case for frequencies above the //+ ion-cyclotron frequency, /„•(#+). For frequencies just 
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below f C i(H + ), the model ray angle drops to zero but then rapidly increases to large angles with 
decreasing frequency until the 0 + ion-cyclotron frequency at 38 Hz. 

The waves observations presented in GR were drawn primarily from the VLF channel of the 
wideband receiver. In considering the effects of H + , the spectra from the ELF (0-1 kHz) channel are 
more useful. The spectrum from a magnetic antenna period during the DC flux tube connection is 
shown in figure 8. Spectrograms are produced by digitizing the analog waveform from the wideband 
receiver and performing a discrete Fourier transform over a progressive series of time records. The 
ELF spectrograms are prepared in the same way as the VLF spectrograms with the exception of 
the data sampling rate (2600 s _1 ) and the size of the Fourier transform (1024 pt) which result 
in a resolution of 2.54 Hz by .197 s. The wideband receiver data, and hence, the spectrograms 
contain amplitudes which are kept within a strict range of values by means of an Automatic Gain 
Control (AGC). Absolute amplitudes can be obtained by numerically compensating for the effects 
fo the AGC. Gains applied by the AGC are removed in the same manner as for the VLF data 
and the calibrated spectrum averaged over the 51 s antenna period is shown in figure 9. (GR and 
Reeves [19S8] contain further explanation of the digitization and calibration procedures.) 

The ELF data shows clear spin modulation of the signals below 500 Hz and a cut-off which 
varies between 550-600 ilz. The cut-off is apparent in the ELF data both when the FPEG is 
firing and during ambient conditions. However, the amplitude of the waves is generally greater 
during beam operations. The amplitude of ambient wave fields at 150 Hz, for example, is between 
10 -6 — 10 -s V/m; 5 x 10~ 5 — 5 x 10 -4 nT for the DC flux tube connection and is approximately 
10“' V/m; 5 x 10~ 5 nT for the Pulsed flux tube connection. When the FPEG is firing the 
amplitude at 150 Hz, for both sequences, is over 10 -4 V/m; 10~ 3 nT near the conjunction field 
line and decreases to 10 -5 V/m at large distances. The cutoff in the ELF band (figures 8 and 9) 
has been identified as the two-ion cut-off which occurs at the so-called ‘crossover frequency’ (wj^ 
in the notation of Al’pert). This is the L = 0 cut-off in the notation of Stix [1962]. During 
ambient conditions, a band of noise above the crossover frequency is observed and has a similar 
appearance to the emissions during electron beam operations. This noise is referred to as Band- 
limited ELF Hiss (BLII). It was first described by Gurnett and Burns [ 1968 ] and was later studied 
by Muzzio [1971]. BLH is thought to originate just inside the plasmapause in the equatorial region. 
Frequencies below the crossover frequency are reflected as the wave propagates to low altitudes. 
The BLH is observed to disappear at equatorial latitudes with higher frequencies dropping off at 
higher latitudes as a result of propagation effects. 

The two-ion cut-off provides a sensitive measurement of the ratio of densities of the ion species. 
The ratio of ion densities can be calculated by setting 1 - 2, w 2 , /(w 2 - c,ww c: ) = 0 where u> pi , ui„, 
and e, are the plasma frequency, the cyclotron frequency and the sign of the charge for plasma 
species i (which are e~ , 0 + , and // + ). If the cut-ofT frequency is taken to be 550 Hz the density of 
hydrogen and oxygen ions is calculated to be ;V W + = 10% N e - and N 0 + = 90% N e ~. However, if we 
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calculate the density using a cut-off frequency of 600 Hz, A r ^+ = 2 %N e ~. This is simply indicative 
of the sensitive dependence of the equations on iV#+. Calculations using the International Reference 
Ionosphere (IRI) model [Bilitza, 1986 ] for the conditions during the DC flux tube connection give 
iVtf+ = 1 %N'~ and iV 0+ = 99%iV c -. We conclude then that H+ exists in quantities less than 
10% of the electron density in the vicinity of the Orbiter. The presence of H+ is responsible for 
the low frequency cut-off in the ELF band. The H+ concentration is not large enough for it to 
have significant impact on the index of refraction surfaces at VLF frequencies. At 500 Hz a two-ion 
calculation of the index of refraction at wave normal angles of 30° with Nh+ = 10 %N e - is 36% 
different than for the calculation using only 0+ and e~. At 1 kHz the difference has dropped to 
7% and at 5 kHz it is 0.7%. 

Narrowband emissions 

Pulsed electron beams injected into space plasmas produce narrowband radiation in addition to 
broadband emissions. It has been shown by GR that the narrowband emissions share some of the 
features with the broadband emissions. For example, the ratio of the amplitude of the fundamental 
frequency (1.22 kHz) to the amplitude of broadband emissions at frequencies near the fundamental 
(1.7-1. 8 kHz) is roughly independent of where the wave fields are measured. Narrowband emissions 
are also present at harmonics of the pulsing frequency. The amplitudes of the fundamental and 
its harmonics are dependent on the resonance condition, the wave mode, the duty cycle of the 
modulated beam, and propagation properties of the waves. A theory of narrowband, near-field 
radiation from pulsed electron beams was developed by Harker and Banks [198 7/. (This paper 
will be referred to as ‘HB\) It contains expressions for the electric field amplitudes produced by 
square wave modulated electron beams with arbitrary energies, currents, and pitch angles measured 
at any distance larger than one gyro-radius from the beam. These expressions can be applied to 
experimental conditions by using the parameters which are appropriate for the conditions at the 
time of the experiment. Neubert and Harker [19S8] have extended this theory to predict the 
narrowband magnetic field amplitudes. Because the theory treats only coherent emissions, no 
broadband wave amplitudes are predicted. 

The exact results for the amplitude of narrowband radiation from a pulsed electron beam are 
complicated but we can summarize some of the general features. Since the theory treats the 
near-field wave amplitudes we are justified in applying it to our observations. The mathematical 
treatment assumes a perfectly coherent infinitely long, thin beam. A value of the parallel index 
of refraction is found from the resonance conditions s = 0,1, — 1. The electric field amplitudes are 
related to the electron beam current density through a radiation condition which can be expressed 
in frequency- wave number space as a function of fcj., the perpendicular wave number. A contour 
integration over k± selects the self consistent wave normal angles and the fields are transformed back 
into time-distance space. Results are presented for both (complex) values of k± (labeled roots 1, 
and 2 in JIB) for each of the three resonance conditions. The three components of the electric field 
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can then be read off the figures of HB or the expression for the electric field components can be 
evaluated numerically for a variety of experimental conditions. 

For the conditions fo the DC flux tube connection, log(f / f ce ) « —3 for the fundamental fre- 
quency, / = 1.22 kHz. From Table 1 of HB, we find that only the s = 0, root 2 predictions 
have real solutions for this frequency. The fields for s = ±1 and for s = 0, root 1 are evanescent 
fields. This reflects the fact that the s = ±1 resonance conditions cannot be satisfied for a 1 keV 
beam at frequencies below the lower hybrid frequency and the fact that a resonance cone does not 
exist for those frequencies. Measurable near-field waves are still predicted to exist however. For 
the s = ±1 resonances, the root 1 solutions become highly oscillatory functions of frequency for 
frequencies below 30 kHz and no exact predictions can be made. Waves in these modes must be 
treated using hot plasma theory. However, the wave amplitudes can be estimated by extrapolation 
and the $ = ±1, root 1 solutions could have amplitudes greater than 1 V/m. Although it is possible 
that the observed narrowband beam emissions are due to s = ±1 resonance but are observed with 
amplitudes well below those predicted by theory, we will see below that much better agreement 
between measurement and theory is found for the s = 0, or Cherenkov, mode. 

The total electric field strength predicted by HB for the s — 0,1,— 1; root 2 and the s = 0, 
root 1 solutions are presented in figure 10 for a perpendicular distance of 50 m from the beam. The 
observed wave fields measured at 35 m and 90 m from the beam are plotted with dotted lines. The 
predicted amplitude of these four wave modes and the measured amplitude for the fundamental 
are plotted as a function of distance from the conjunction field line in figure 11. These two figures 
allow comparison of the variation with frequency and the variation with perpendicular distance 
for predictions and measurements for the different wave modes. Root 1 represents resonance cone 
propagation and solutions are imaginary below the lower hybrid resonance and real above it. Root 2 
has real solutions throughout the frequency range of interest and describes waves which lie in the 
central hump of the index of refraction surface. The s = ±1, root 2 solutions are found to have 
amplitudes well below observed values. 

Figures 10 and 11 and figures 10 and 13 of GR show that reasonable agreement between obser- 
vations and the predictions of HB are found for the s = 0, root 2 solutions. For those solutions, HB 
predict electric and magnetic field amplitudes which are greater, but less than 30 times greater, than 
the measured field amplitudes at all distances and for all harmonics. The general features observed 
in the measured data are reproduced in the calculations. The electric field amplitudes range from 
10 -6 to 10 -4 V/m and the magnetic field amplitudes range from 10 -4 to 2 x 10 -3 nT. For both 
the electric and the magnetic antennas, the amplitude of the narrowband harmonics decreases with 
increasing distance from the conjunction field line and, at all distances, the amplitude decreases for 
increasing harmonic numbers. The fact that the ratio of broadband to narrowband amplitudes stays 
fairly constant with distance to the conjunction field line [GR] appears to be consistent with the 
conclusion that both broadband and narrowband emissions are generated through the Cherenkov 
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resonance with wave normal angles less than the resonance cone angle(s = 0, 9 < 6 rea ). 

The difference in measured and predicted amplitudes could be accounted for by a reduction in 
coherent beam current from the nominal 100 mA level. This reduction could occur through such 
mechanisms as scattering or diffusion of beam electrons or the production of a virtual cathode as 
suggested by numerical simulations done by VVinglee and Pritchett [198 7, and 1988]. It may also 
simply be a result of the fact that measurements were made with single axis antennas and therefore 
measurements of the full field amplitudes could not be made. 

The results of HB are used here with the following caveat. It has been determined that the 
contour integration over k± in HB contains branch cuts in addition to simple poles. HB evaluates 
only the contributions to the integral from the simple poles, which correspond to surface waves, 
and therefore the solution is incomplete. In addition to the field components calculated, there 
will be field contributions due to terms which arise from the inclusion of these branch cuts which 
correspond to ray propagation. Those contributions can be evaluated and will be presented in 
an upcoming paper. It has been determined that the contributions from the branch cuts will be 
most significant at large distances from the beam but the effect at smaller distances has not been 
determined. In this paper we conclude only that the theory of HB, as it stands, provides the best 
agreement with experimental observations for the s — 0, root 2 mode which describes Cherenkov 
resonance with wave normal angles less than the resonance cone angle. 

The ratio of the electric and magnetic field amplitudes 

In considering the amplitude of radiation from electron beams in space, we implicitly assume 
that the waves are electromagnetic. For a 1 kHz wave with ri|| = 16 and Bo = .40 G, n e = 
10 s cm -3 , |n| = n = 316. From the calibrated amplitude of field components one can calculate the 
ratio c(B)/(E) where (B) and ( E ) are the time averaged amplitudes of the magnetic and electric 
fields. For broadband emissions measured during the Prox Ops and the DC and Pulsed flux tube 
connection sequences, c(B)/(E) was of order 1. Narrowband emissions during the Pulsed flux tube 
connection sequence were determined to have a ratio c{B)/(E) of order 10 [GR]. Since n x E = cB, 
there is an apparent discrepancy between the measured and the predicted values of n. We now 
consider the possible causes of this discrepancy. 

Knowing the wave normal angle of radiation at a particular frequency, one can use Maxwell’s 
equations to solve for the vector components of the electric and magnetic wave fields. Choosing a 
coordinate system in which the geomagnetic field defines the z-axis and k lies in the x-z-plane, and 
using conditions for the DC flux tube connection sequence and frequencies near 1.22 kHz we find 
that the wave normal angle is nearly 90°. The wave electric field has its largest component along 
the x-axis and virtually no component along the magnetic field. The wave magnetic field has its 
largest component along the direction of the geomagnetic field but also has a component along the 
y-axis. Since the PDP rotates with its antennas in a plane containing the geomagnetic field, it is 


13 


appropriate to consider the time average over all three components of the wave fields. Doing this 
we find that the average reduces the ratio c{B)/{E) by a factor of ~ 10... 

We would then expect ratios of c(B)/(E) of order 10 for the coherent emissions observed. Al- 
though simultaneous electric and magnetic field measurements could not be made with the broad- 
band wave receiver, comparison of the average magnetic and electric field amplitudes of natural 
whistlers observed during ambient conditions also gives values of c(B)/{E) which are of order 10. It 
is not understood why the broadband emissions observed during the PDP free-flight or broadband 
and narrowband emissions observed in the payload bay have a ratio c{B)/(E) of order 1. One would 
expect n x E = cB to be satisfied under all conditions. Although it is possible that the details of 
the measurements or analysis of the field amplitudes is responsible for the apparent reduction, it 
is not possible to resolve the issue given the limits of the observations. 

We have considered the possible contribution to the observed electric field from ion-acoustic 
waves. In order that such waves be observed at distances of several hundred meters from the con- 
junction field line they must be propagating at oblique angles to the geomagnetic field. Such waves 
can exist in a warm plasma and have been observed in the laboratory to be produced by drifting 
electrons in a magnetoplasma [Gekelman and Stenzel , 1978]. Ion-acoustic waves produced by drift- 
ing return current electrons during electron beam injection from spacecraft have been predicted by 
Okuda and Ashour-Abdalla [1988] using a one dimensional numerical simulation. Although such 
waves may be present we have been unable to determine their contribution, if any, to the observed 
wave fields. We also note that purely ion-acoustic contributions do not account for the enhancement 
of the wave magnetic field above ambient levels or the propagation characteristics observed in the 
IMP/HELIOS data. 

We find then that the measured values of c(B)/(E) for coherent, narrowband emissions observed 
during the free-flight of the PDP are not inconsistent with the assumption that the electron beam 
generated waves which are electromagnetic. More accurate verification of this assumption could be 
accomplished by simultaneous three-axis measurements of the wave field. The wideband receiver 
measurements from Spacelab-2 were neither simultaneous nor three-axis. The IMP/HELIOS in- 
strument provided periods of simultaneous electric and magnetic field measurements but without 
detailed knowledge of the orientation of the receivers at a particular time, the electromagnetic 
character of the observed radiation can not be investigated more rigorously than has been done 
here. 

The lack of simultaneous three-axis field measurements also complicates rigorous determination 
of the Poynting flux, S = ^E x B. However, B has its maximum along the magnetic field line 
(B 0 ) and E has its maximum components perpendicular to B 0 . Thus if E max and B max are the 
maximum amplitudes measured during the spin period of the PDP, then j“E max • B max gives an 
estimate of |S|. For the coherent emissions at the 1.22 kHz fundamental frequency during two 
antenna periods from the Pulsed flux tube connection, ^ E max • B max is of order 10“ 12 W/m 2 -Hz 
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for a 12 Hz wide amplitude component. E max is measured at 04:11:48 and B max is measured at 
04:12:36. At those times the PDP was 22 m and 61 m from the conjunction field line respectivel; 
Emax • Bmax is a very rough estimate of |S| but it is comparable with the predictions of Bell [196 
who predicted powers up to 10~ 10 W/m 2 -Hz for coherent emissions with a coherence length of 10 m 
and 10~ 18 W/m 2 -Hz for incoherent emissions. 




4. CONCLUSIONS 


During both DC and Pulsed electron beam operations on Spacelab-2, broadband electromagnetic 
radiation is produced throughout the 0-30 kHz range of the wideband receiver. The observations 
of wave amplitudes from the wideband receiver and the IMP/HELIOS filter bank indicate that this 
is radiation produced by the s = 0, or Cherenkov, resonance. During the flux tube connections 
it is possible to observe the wave fields at various locations with respect to the conjunction field 
line. Three zones of wave activity were identified. Zone 1 occurs closest to the conjunction field 
line. It is dominated by waves with wave normal angles on the resonance cone ( 9 ~ 0 Tes ). These 
waves saturate the wideband VLF wave receiver and are responsible for the funnel shaped emissions 
identified by Gurnett et al. [1986]. Broadband VLF emissions in the range 100 < / < 30,000 Hz 
are identified as waves with wave normal angles in the central hump of the index of refraction 
surface (6 < 9 re} ). Zone 2 contains propagating radiation and is defined by the ray angle of the 
waves. The ray angle, and hence the region of propagation, is a function of frequency. In general, 
lower frequency (/ < 1 kHz) waves propagate at larger angles to the magnetic field than highe^ 
frequency (1 < / < 30 kHz) waves. The cut-off near 30 kHz appears to be due to the inability to 
satisfy the s = 0 resonance for 9 < 9 re , for a 1 keV beam at frequencies higher than this. 

A simple single-ion, cold plasma, far-field radiation theory is not sufficient to explain all the 
features observed in the data. The waves in zone 3 have lower amplitudes than the waves in zones 1 
or 2 but may still appear with amplitudes above ambient levels. These emissions are most likely 
evanescent waves which are observed within a few perpendicular wavelengths of the conjunction 
field line. The cut-off observed in the broadband ELF wave data at frequencies between 550-600 Hz 
requires consideration of a second ion species, H + , in addition to 0 + and e“. The frequency of 
this cut-off allows a calculation of the density of hydrogen ions which indicates that the density is 
less than 10% of the electron density near the Orbiter, the remainder being predominantly oxygen 
ions. 


The ratio of c(B)/(E) is useful for checking the electromagnetic nature of electron beam gen- 
erated waves but was found to be limited by the effects of the spin of the PDP and the lack of 
simultaneous electric and magnetic field observations. The ratio c(B)/(E) was found to be of order 
10 for the narrowband radiation observed during the Pulsed flux tube connection. This ratio is 
in rough agreement with the predicted values of the time averaged ratio of electric and magnetic 
field amplitudes for coherent emissions. The ratio of c(B)/(E) for broadband emissions during the 
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free-flight and for broadband and narrowband emissions when the PDP is in the payload bay is of 
order 1. 

Although the propagation characteristics of broadband and narrowband radiation from pulsed 
and DC electron beams observed on Spacelab-'2 have some features which can be understood in 
terms of cold plasma far-field radiation theory, there are features and effects which require more 
detailed investigation. Among them are: (1) the question of the effects of thruster operation on the 
wave environment around the Orbiter, (2) the propagation characteristics of the beam electrons 
themselves, (3) the return current interaction and the generation of ion-acoustic waves by return 
currents, (4) the question of vehicle charging and beam escape and the effects of those on the 
generation of VLF radiation by the beam, (5) the power levels carried away from the electron 
beam by propagating radiation, and (6) the question of the ratio of the electric and magnetic field 
amplitudes for broadband and narrowband emissions. Although we may begin to address some of 
these questions using the results of observations from electron beam experiments which have been 
completed, some cannot be addressed given the limitations of those experiments and must await 
future research. 
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5. FIGURE CAPTIONS 

Figure 1. The spectral intensity of waves observed during the DC flux tube connection sequence 
plotted as a function of frequency and time. The data was obtained using the IMP /HELIOS filter 
bank which had four 10% band-width filters per. frequency decade. Among the features observed 
are the funnel shaped emissions due to resonance cone propagation, the cut-off of VLF emissions 
above 30 kHz, and the dependence on frequency of VLF emissions observed at various locations 
with respect to the conjunction field line. Lower frequency (/ < 1 kHz) waves are observed at 
greater distances from the conjunction field line and therefore appear at earlier and later times 
than higher frequency (1 < / < 30 kHz) waves. See figure 7 for the location of the PDP for various 
times. 

Figure 2. The spectral intensity of waved observed during the Pulsed flux tube connection 
sequence. The format is the same as for figure 1. 

Figure 3. A schematic diagram of the square of the index of refraction as a function of frequency 
with the various wave branches labeled. 

Figure 4. A representation of the effects of different propagation angles on the waves observed 
at the location of the PDP during the flux tube connection sequences. The angle between the 
conjunction field line and a line connecting the Orbiter and the PDP is labeled 0. Frequencies for 
which waves have a ray angle a = 0 originate at the beam source. Frequencies for which a > 0 
originate at points along the beam. Frequencies for which a < 0 will not be observed at the PDP 
except as evanescent waves. 

Figure 5. A schematic of the index of refraction surfaces for various frequencies showing the wave 
normal and ray angles picked out by the Cherenkov resonance condition, (a) For low frequencies 
n(9) is a closed surface and for Jt|| = 16, 0 as 90°, a as 90°. (b) For frequencies / > J LH r, u( 0) is 
an open surface. For 0 < 9 rea , 7i|| = 16 picks out wave normals in the central hump. For / ~ /lhr 
9 is large and a as 0°. (c) As / increases, 9 decreases, and o increases up to a maximum of 
~ 20°. (d) For / -*• 30 kHz, 9 — 0°, and a — 0°. (e) Above a critical frequency the resonance 
condition. 7i|| = 16 can no longer be satisfied for wave normal angles 9 < 9 rea and only resonance 
cone propagation is possible 

Figure 6. A schematic representation of the propagation effects which determine the three zones 
of wave amplitude. Zone 1 is identified as being associated a region of the plasma which is highly 
disturbed by the injection of the electron beam. The limits of zone 2 which contains propagating 
waves with wave normal angles less than the resonance cone angle is indicated with a bold line 
and is labeled ‘VLF Propagation Region’. A cut-off is observed near the hydrogen ion-cyclotron 
frequency. The limits of the zone 1 and 2 propagation regions are indicated by plotting the sine of 
the ray angle times 200 m. The dotted line indicates the limits of zone 3 represented by a distance 
equal to one perpendicular wavelength from the conjunction field line. Although this figure implies 
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distinct borders, observations show that the transitions from one zone to another are smooth. 
Figure 7 can be used to compare this figure with figures 1 and 2. 

Figure 7. The perpendicular distance from the conjunction field line as a function of time for 
(a) the DC flux tube connection sequence and (b) the Pulsed flux tube connection sequence. This 
figure can be used to compare the propagation region predicted by cold plasma theory (figure 6 - 
distance scale) to that observed in the IMP/HELIOS data (figures 1 and 2 - time scales). 

Figure 8. A spectrogram from the ELF band of the broadband wave receiver showing the two-ion 
cut-off between 500-600 Hz. This cut-off was determined to be a result of the presence of hydrogen 
ions with a density of less than 10% of the ambient electron density. 

Figure 9. The time-averaged amplitude as a function of frequency for the antenna period shown 
in figure 8. The change in amplitude at the two-ion cut-off frequency can be observed and the 
frequency of the cut-off identified. 

Figure 10. The amplitude of narrowband harmonics of the 1.22 kHz pulsing frequency. The log 
of the electric field wave amplitude is plotted vs. harmonic number for the predictions using the 
theory of HB for the $ = 0, roots 1 and 2; for the s = ±1, root 2 solutions. Predicted amplitudes 
were calculated for a perpendicular distance of 50 m from the conjunction field line. Measured 
amplitudes (dotted lines) are plotted vs. harmonic number for the observations at perpendicular 
distances of 35 and 90 m. 

Figure 11. The variation of amplitude with perpendicular distance to the conjunction field line 
for the 1.22 kHz fundamental frequency. The log of the electric field wave amplitude is plotted 
vs. harmonic number for the predictions using the theory of HB for the s = 0, roots 1 and 2; for 
the s = ±1, root 2 solutions. The s = 0, root 1 and the s = ±1, root 2 solutions represent 
evanescent waves and the amplitude drops off very rapidly with perpendicular distance. The 
measured amplitude of the 1.22 kHz signal is also plotted vs. distance (dotted line) and shows 
better agreement with the s = 0, root 2 solutions. 
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Abstract 

Large intensities of hot positive ions are observed at distances 
of several hundred meters from the Orbiter with a plasma analyzer on board 
a small free-flying satellite, the Plasma Diagnostics Package. This ion 
plasma is inferred to be generated by the charge exchange of ionospheric 0+ 
ions with the water molecules in a large cloud of gases from the Orbiter. 
The hot ion plasma forms an ion trail in the Orbiter 's wake. A model for 
the water vapor cloud provides the basis for density estimates as high as 
10 9 H 2 0 molecules cm -3 at a distance of 50 m from the Orbiter. Thus the 
Orbiter possesses a substantial co-orbiting atmosphere. 
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1 . Introduction 

We report on a series of measurements of hot ion plasmas in the vicin- 
ity of the space shuttle Challenger on August I, 1985. These observations 
are made with a plasma instrument capable of determining the energy spectra 
of electrons and positive ions, separately and simultaneously, in the 
energy range— per— unit charge extending from 2 V to 36 kV. This plasma 
analyzer is included with other fields and plasma instrumentation in the 
free— flying, recoverable small satellite PDP , i.e., the Plasma Diagnostic 
Package. 

The PDP spacecraft was one of the components of the Spacelab— 2 mission 
flown on the space shuttle Challenger. Spacelab 2 was carried into orbit 
on July 29, 1985 and was landed on August 6, 1985. The orbital altitude 
and inclination were ~ 320 km and 49.5°. Instrumentation for the PDP in- 
cludes the plasma analyzer, a Langmuir probe, an ion mass spectrometer, a 
retarding potential analyzer, a differential ion flux probe, a plasma wave 
receiver and electric field detector, an electrometer, a neutral pressure 
gauge, and radio receivers. The plasma analyzer is also known in the lit- 
erature as a Lepedea (Low Energy Proton and Electron Differential Energy 
Analyzer) [Frank et al., 1978]. The diameter (without booms) and height 
of the PDP are 1.1 and 1.3 m respectively and the total mass is 285 kg. 

Prior to Spacelab 2 the PDP was flown as part of the OSS-1 payload 
aboard the space shuttle Columbia [Shawhan et al., 1984], During that 
flight the PDP was operated while berthed in the payload bay and in the 
immediate vicinity of the shuttle by means of the Remote Manipulator System 
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(RMS). During the Spacelab-2 mission the PDF also made measurements from 
within the bay and while attached to the RMS. In addition, the PDP was 
released from the Orbiter and flown as an independent satellite. Release 
of the PDP occurred at 0010 UT on August 1 and retrieval was successfully 
accomplished at 0620 UT on the same day. Our present interest lies in the 
plasma observations during free flight of the PDP at distances ranging to 
~ 400 m from the space shuttle Challenger, henceforth referred to as the 
Orbiter. Remarkably intense, hot ion plasmas are found in the vicinity 
of the Orbiter. We interpret these plasmas in terms of a dense cloud of 
neutral gasses from and co-orbiting with the Orbiter. 


2. Observations 


The electrostatic analyzers are constructed of concentric, spherical- 
segment plates across which a known, variable potential is supplied in or- { 
der to separate ions and electrons according to their energy-per-unit 
charge. Because it is necessary to measure the charged particle intensi- 
ties with respect to both the directions of the local magnetic field 5 and 
of the instantaneous orbital velocity V of the Orbiter and PDP, and because 
these directions vary as the spacecraft orbit Earth, the electrostatic ana- 
lyzer is configured to utilize the rotation of the PDP spacecraft so as to 
measure the particle intensities from almost all directions. One analyzer 
each for positive ions and electrons employs seven detectors and one en- 
trance aperture for measurements in seven directions in a wide, fan-shaped 
f ield-of-view. The plane of this f ield-of-view is aligned parallel to the 
spin axis of the PDP such that, with the spin motion of this satellite, 
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most of the 4tr-sr solid angle for particle velocity vectors is observed 
with the plasma analyzer. Such surveys of the entire angular distributions 
of hot electron and ion plasmas are acquired once each spin period of the 
PDP spacecraft, 13*1 seconds* 

After the release of the PDP from the RMS the Orbiter's primary and 
vernier thrusters were fired to increase the distance between the two 
spacecraft to 90 m. This separation was maintained until 0120 UT. At that 
time the crew began maneuvering the Orbiter around the PDP. The Orbiter 
was flown around Che PDP twice with each circuit taking place during one 
90-minute orbit of Earth. The trajectory of the Orbiter relative to the 
PDP between 0130 and 0430 UT is depicted in Figure 1. This motion is 
shown projected into the orbital plane. The relative out— of— plane 
separation during this time was as large as 350 m while the total distance 
between the spacecraft ranged from 100 m to 420 m. Following these orbits 
the Orbiter was flown several times across the path of the PDP so that the 
PDP passed directly through the Orbiter's wake. At 0527 UT spin-down of 
the PDP was begun and the PDP was subsequently picked up with the RMS. 

An example of the hot ion spectra observed in the vicinity of the 
Orbiter is shown in Figure 2. The position of the free-flying PDP is at a 
distance of 280 meters from the Orbiter. The differential, directional 
intensities of positive ions as a function of energy-per-unit charge are 
shown in Figure 2. These measurements are taken in the direction parallel 
to the velocity vector of the spacecraft, i.e., as seen looking into the 
ram direction due to the spacecraft orbital motion. At these altitudes of 
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~ 300 km above Earth's surface, the primary ionospheric ion is 0 + [Banks 
and Kockarts, 1973]. Because the orbital velocity of the spacecraft is 
7.8 km s~ l , the ram energy-per-unit charge of the ambient 0 + ions is 
about 5 V. The large intensities of these 0 + ions can be seen in Figure 2. 
The characteristic thermal energies of the ambient ionospheric 0 + ions are 
~ 0.1 eV, an energy below that of the energy resolution of the hot plasma 
analyzer that is designed for measurements of plasmas with energies greater 
than several electron volts-per-unit charge. Thus the presence of the 
ambient 0 + ions in the ionosphere is detected, but their temperatures and 
densities are not determined. 

Large intensities of positive ions are detected at energies signifi- 
cantly greater than those expected for ambient ions. These hot ions are 
seen at energies— per— unit charge ) 10 V in Figure 2. Of particular inter- 
est is the maximum of intensities at ~ 18 V and the significant intensities 
of hot ion plasmas extending to ~ 60 V. We interpret these ions in terms 
of ion production by charge exchange in a large cloud of neutral gases that 
are outflowing from and co— orbiting with the Orbiter. 

Consider the neutral gas cloud of the Orbiter. There are a variety of 
sources of neutral gases from the Orbiter, including waste water, water as 
a by-product of power generation by fuel cells, combustion from the Orbiter 
thrusters for attitude control, and He from the cooling of the infrared 
telescope. The thrusters utilize the reaction between monomethyl hydrazine 
and N 2 O 4 , and several of the combustion products are H 2 O, N 2 , CO 2 and CO 
[Pickett et al., 1985]. 
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Outgassing of volatiles, in particular H 2 O, is expected from the 

surfaces of the Orbiter. These neutral gases should radially outflow from 

the Orbiter at thermal speeds, ~ hundreds of meters per second. This cloud 

of neutral gases is moving with a bulk velocity of 7.8 km s - *, i.e., the 

Orbiter orbital velocity, through the plasmas of Earth's ionosphere. The 

densities of the ambient ionospheric ions are ~ 10^ to 10^ cm - -* at these 

altitudes and sufficiently large to ionize a measurable fraction of the 

neutral molecules in the cloud by charge exchange, i.e., 0 + + H 2 O -► 0 + 

H 2 0 + . Momentum transfer is negligible. These positive ions produced by 

charge exchange are observed with our plasma instrument. After charge 

exchange the H 2 0 + ions do not co-orbit with the Orbiter gas cloud but are 

trapped in the terrestrial magnetic field by the Lorentz force, i.e., these 

ions form an ion trail in the wake of the Orbiter. The motion of these 

so-called 'pickup' ions in the reference frame of the Orbiter and PDP are 

of interest for our observations. In this reference frame, these ions 

appear to be executing cycloidal motion with an average drift speed due to 

an electric field ? * 4 * B. In other words, if the Orbiter velocity 

$ is directed perpendicular to the local magnetic field B, then the 

apparent motion of the pickup ions is such that during one period of 

circular motion of the ion in the plane perpendicular to B, the ion speed 

increases to a maximum of twice V and then decreases to values nearly zero. 

■¥ 

The average drift velocity of the ion with respect to the Orbiter is -V in 

the direction of the wake. As the angle a between V and B decreases or in- 

. . o 

creases from 90° the maximum ion energy decreases in proportion to sin^a. 

At angles near 0° and 180°, the energy spectra of the pickup ions become 
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similar co chat for the ionospheric ions and che two ion populations can be 
difficult to separate with the plasma analyzer. The phenomenon of pickup 
ions in plasmas moving with respect to neutral gases is of general interest 
to space plasma physics, e.g., the production of He + in the solar wind by 
infalling interstellar gas [Mobius et al., 1985], the formation of a plasma 
torus from volcanic gases of the Jovian satellite, Io [Goertz, 1980] , and 
the interaction of coraetary coma with the solar wind [Ip and Axford, 1986; 
Ipavich et al., 1986; Mukai et al., 1986]. 

Two features of the distributions of pickup ions are noted here in the 
case of the Orbiter in motion nearly perpendicular to the magnetic field. 
Because the maximum ion speed is twice the Orbiter and PDP orbital speeds, 
the maximum energy of the ion is equal to four times that of an ambient 
ionospheric ion of the same mass as seen at the PDP. Secondly, in a coor- 
dinate system referenced to the velocity components of the observed ions in 
the rest frame of the Orbiter, the distributions are pancake-shaped in a 
plane perpendicular to B and are offset from the origin by the spacecraft 
velocity vector. For example, these ion velocity distributions are shown 
in Figure 3 as taken at 0208 UT on August 1, 1985. The distribution func- 
tion for ion densities, i.e., ions per unit volume AxAyAz , and per unit 
volume of velocity space Av x AvyAv z , is given for a plane perpendicular to 
the local magnetic field. The direction of the Orbiter motion is approxi- 
mately +V X . Thus the ambient ionospheric plasma is in bulk motion with re- 
spect to the Orbiter and is expected to appear as a compact series of cir- 
cles at V x = -0.8 x 10 6 cm s" 1 . Evidence for this ambient ion plasma can 

y 


c - s 
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be seen in Figure 2, although as mentioned earlier this plasma is too cool 
to fully resolve with the instrument. The pancake distribution of pickup 
ions with higher energies is the dominant feature to be seen in Figure 3. 
For this figure and the following Figure 4, the ion mass-per-unit charge is 
assumed to be 16 a.m.u. (0 + ). The results are changed little for masses 
nearly equal to this value, e.g., H 2 0 + , but must be recomputed if the ion 
is C0 + or C02 + . In order to demonstrate that the ion velocity distribution 
is pancake in shape, i.e., that the motions of the ions are mainly directed 
perpendicular to the magnetic field B, it is necessary to exhibit these ion 
distribution functions in a plane parallel to §• These ion distributions 
are shown in Figure 4 with the V 2 axis taken parallel to B, and V x is per- 
pendicular to B and almost along the direction of the Orbiter orbital mo- 
tion. It is seen that the component of ion motion, V z , along B is smaller 
relative to that perpendicular to §, V x . Thus the observed ions are found 
to be in motion primarily in a direction perpendicular to the magnetic 
field (the pancake distribution) with an offset from the coordinate origin 
(the average drift speed of the ions with respect to the Orbiter and PDP). 
These are the expected signatures of pickup ions from the interaction of 
the ionosphere with the neutral gas cloud of the Orbiter. 

The species of the pickup ions are not directly determined with the 
plasma instrumentation, but may be inferred from energy spectra such as 
that shown in Figure 2. The energy-per-unit charge for the secondary peak 
is ~ 18 V. The most likely ion with this energy at twice the Orbiter speed 
is H 2 0 + . At higher energies, > 20 V, the ions are heavier, C0 + , C0 2 + , and 
others from the thrusters. The identification of H 2 0 + as the dominant 



9 


pickup ion in the lower mass range is in agreement with independent ion 
mass analyses at lower energies [Grebowsky et al., 1987]. This identifica- 
tion is also consistent with observations of neutral water [Carignan and 
Miller, 1983; Narcisi et al., 1983; Wulf and Von Zahn, 1986] and water ions 
[Grebowsky et al., 1983; Narcisi et al., 1983; Hunton and Calo, 1985] in 
the near vicinity of the Orbiter during other Shuttle flights. 

3. Model of the Water Cloud 

We can use the observations of the densities of pickup H 2 0 + ions to 
develop a model of the water vapor cloud that co-orbits with the Orbiter. 

We assume that the radial velocity of the water molecules from the Orbiter 
is similar to that for thermal velocities corresponding to a temperature 
~ 300 K, or V t = 5 * 10^ cm s -1 . This velocity is much less than the 
spacecraft orbital velocity of V = 8 x 10 5 cm s" 1 . The water vapor expands 
radially outwards from the Orbiter until the molecules collide with those 
of the ambient neutral atmosphere, primarily atomic oxygen 01. The 
densities of 01, [01], are in the range of ~ 1 x 10® to 3 x 10® cm ®. The 
MSIS-83 model [Hedin, 1983] for the neutral ambient atmosphere is used for 
our calculations. To estimate the cross section for collisions of H 2 0 with 
01 we assume hard-sphere collisions and typical diameters of 4.6 x 10“® cm 
for H 2 0 and 2.6 x 10”® cm for 01 [McDaniel, 1964], where the diameter for 
Ne is used for 01. The cross section estimated in this way is - 4 x 10 '5 
cm 2 , and the mean free paths A are about 10 km. Thus, relative to the 
Orbiter, a water molecule moves an average distance d = (V t /V) A, or 
~ 700 m before its first collision with an atmospheric oxygen atom. The 


number density of water molecules, [H 2 0], is assumed to vary with radial 
distance R from the Orbiter as 
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[H 2 0] - C (R 0 /R) 1 2 exp (-(R-R 0 )/d), (1) 

where R Q is taken as 10 meters, or the approximate linear dimension of the 
Orbiter. 

The relationship between the densities of pickup H 2 0 + ions and of the 
neutral water molecules must be found in order to determine the constant C 
in equation (1). The primary source of the H 2 0 + ions is charge exchange of 
H 2 0 with the ambient ionospheric 0 + . Photoionization by solar ultraviolet 
radiation and impact ionization by atmospheric photoelectrons proceed at 
much slower rates. Because 0"*" is the dominant ionospheric ion at the Or- 
biter altitudes, the 0 + densities, [0 + ] , are taken to be equal to the elec- 
tron densities that are simultaneously measured by the Langmuir probe on 
the PDP spacecraft (data from courtesy of N. D'Angelo). The cross section 
for the charge exchange H 2 0 + 0 + H 2 0 + + 0 appears uncertain. For the 

5 eV energy of 0 + relative to the water cloud values of 2.6 * 10“ ^ cm 2 
[Turner and Rutherford, 1968] and 0.6 x 10“ ^ cm 2 [Murad and Lai, 1986] 
have been reported. We adopt the cross section reported by Turner and 
Rutherford [1968], 2.6 x 10 -15 cm 2 . The relationship between the water 
molecule densities, [H 2 0] , and the ion densities, [H 2 0 + ] and [H30 + ] , is 
given by the following equations: 


1 [h 2 0 + ] = Y 1 [H 2 0] [0+] - Y2 [H 2 0 + ] [H 2 0] - 04 [H 2 0 + ] [e“] 

O t 


( 2 ) 
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4 [H 3 0 + ] - Y2 [H 2 0 + ] [H 2 0] - a 2 [H 3 0 + ] [e ] (3) 

0 t 

where the rate coefficients are given in Table 1. To calculate the rate 
coefficent for charge exchange between H 2 0 and 0+ we multiply the cross 
section for this reaction with the relative speed of the reactants, 7.8 x 
10 3 cm s' 1 . The rate constant y 2 is for the reaction H20 + + H 2 0 > H 3 0 + 
OH. The kinetic energy of the H 2 0 + ions relative to the water cloud ranges 
from approximately 0 eV to 23 eV due to the gyratory motion of the H 2 0 + 
ions. For y 2 we have used the rate at 300 K [Albritton, 1978]. The 
coefficients o L and a 2 for the dissociative recombination of H 2 0 + and H 3 0 + 
with electrons are estimates by Sjolander and Szuszczewicz [1979]. 

Equations (2) and (3) are expected to be applicable for ions and neutral 
atoms within distances up to ~ 10 km from the Orbiter. Also the densities 
of ionospheric 0+ ions are found to be sufficiently unperturbed that they 
may be taken as a constant as the water cloud moves through the ionosphere 
for distances > 20 m from the Orbiter. Equation (1) for the radial 
dependence of water molecule densities and equations (2) and (3) for the 
relationship of the neutral water molecule and water ion densities are 
solved numerically with a fifth-order Runge-Kutta algorithm in a reference 
frame at rest with respect to the instantaneous position of the center of 
curvature for pickup ion motion, i.e., the guiding center. The constant C 
in equation (1) is then found by determining the H 2 0 + density, [H 2 0 + ] , by 
numerical integration of ion velocity distributions such as that shown in 
Figures 3 and 4. The specific time for determination of [H 2 0+] , and then 
C, is 0350 UT on August l. If [H 2 0] is in units of molecules cm -3 , then 
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C * 4 x 10lO. For our following discussion we assume that the water 
release rate from the Orbiter is constant. No major waste water releases 
occur during the PDF free-flight. 

In Figure* 5 is given an example of the results from the model calcula- 
tions for the water vapor cloud surrounding the Orbiter and for the ion 
densities in its wake. The abscissa is taken parallel to the Orbiter mo- 
tion but offset such that this coordinate axis lies at a distance of 50 m 
from the Orbiter at closest approach (at 0 km on abscissa scale). For this 
example, the Orbiter velocity V is perpendicular to the geomagnetic field 
B. The water vapor densities at 50 m from the Orbiter are large, ~ 6 x 10^ 
H 2 0 molecules cm -3 , and greater than that of the ambient atmosphere. These 
densities decrease to ~ 1 cm 3 at a distance of 8 km from the Orbiter. 

The column density as seen from the Orbiter is also large, ~ 4 x 10 13 H 2 0 
molecules cm -3 . This column density exceeds that corresponding to the 
threshold of the infrared telescope in the bay of the Orbiter by about an 
order of magnitude [Fazio, 1982]. The rate of water release from the 
Orbiter that is necessary to sustain the water cloud is ~ 2.5 x 10 33 mole- 
cules s _1 . This rate implies a total water loss from the Orbiter, ex- 
cluding direct losses from water dumps and thruster firings, of ~ 500 kg 
during the eight— day mission. Although there are inaccuracies inherent in 
our simple model, such as due to atmospheric ram effects in the immediate 
vicinity of the Orbiter, the above assessment of the properties of the 
neutral water cloud is probably accurate to within factors of 3. 
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4. The Water Ion Trail 

The computed water ion densities in the wake of the Orbiter are also 
shown in Figure 5. These H 2 0 + densities are in the range of 5% of the 
ionospheric 0+ densities. This ion trail is long, > 10 km, and is expected 
to be dissipated primarily by recombination with electrons and the impact 
of the hot water ions with the ambient oxygen atoms. This latter loss term 
is not included in equation (2) that is used for the water ion and molecule 
densities at closer distances to the Orbiter. The pickup ion velocity 
distributions are in substantial nonequilibrium with that of the 
ionospheric ions, a situation likely to drive plasma instabilities 
responsible for the generation of the observed broadband electrostatic 
noise in the wake [Gurnett et al., 1986; Scarf et al., 1986]. In order to 
obtain measurements of the unperturbed ionospheric plasmas it is evident 
from Figure 4 that these observations must be made at distances beyond 1 to 
2 km upstream from the Orbiter# 

In the rest frame of the ionosphere the pickup ions move along the 
magnetic field with a component of velocity equal to $ • B/B. The results 
of calculations with £ and V at an angle of 60° are shown in Figures 6 
and 7. Figure 6 is similar to Figure 5 in that the abscissa is parallel to 
the direction of motion of the spacecraft and passes within 50 m of the 
center of the water cloud. Ahead of the Orbiter the ion densities are 
nearly equal to the densities calculated for B and V at an angle of 90° 
(Figure 5). Behind the Orbiter, however, the ion densities decrease along 
this axis due to the ion motion along the magnetic field. Figure 6 
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displays contours of constant [H 20 + ] in the coordinate plane parallel to 
B and V. It is clear from this figure that the trail of ions behind the 
Orbiter does not extend directly opposite V, but points in a direction that 
is perpendicular to B. The ion trail extends directly behind the Orbiter 
only when B and V are at an angle of 90°. 

5* Observed Water Ion Densities 

Observations of the densities of pickup H20 + ions during approximately 
two Earth orbits of the PDF while this spacecraft is in free-f light are 
shown in Figure 8. Also shown in this figure are the calculated pickup ion 
densities as expected from the model of the water vapor cloud that sur— 
rounds the Orbiter, as presented in our previous discussion. The water va- 
por cloud is assumed to be time— independent for this period. The position 
angle 0 is the angle between the velocity vector V of the spacecraft or- 
bital motion and the direction from the Orbiter to the PDP. The distance 
between the PDP and the Orbiter is given as R in Figure 8. In order to 
compute the pickup ion densities from the model of the water vapor cloud, 
the ambient 0 + density is assumed to be equal to the ionospheric electron 
densities as measured with the Langmuir probe on the PDP. Reliable mea- 
surements of these electron densities are not available during the two 
periods of ~ 0230 to 0250 UT and ~ 0405 to 0420 UT. The densities 
are assumed to be 10^ cm - ^ for these two periods. Inspection of Figure 7 
shows that there is general qualitative agreement between the observed and 
computed H 20 + densities and, for a substantial fraction of this series of 
observations, quantitative agreement as well. However, for certain time 
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periods, e.g., 0310 - 0330 UT and 0445 - 0500 UT, discrepancies between 
observed and computed densities are evident. Such disparity may arise from 
a temporal fluctuation of the water vapor cloud of the Orbiter or from our 
inability to accurately separate the pickup ion densities from those of the 
ambient ionosphere. The diurnal variations of pickup ion densities as seen 
in Figure 8 are primarily due to a similar variation of the ionospheric 0 
densities that charge exchange with the neutral water molecules along the 
path of the Orbiter. No hot ion densities that greatly exceed those due to 
charge exchange are found with our observations. The somewhat higher den- 
sities relative to those from the model during the period 0230 to 0250 UT 
do not exceed the observational uncertainties. 

6. Discussion 

The velocity distributions of hot, positive ions observed during the 
PDP free flight are characteristic of ions picked up from a cloud of gases 
co-orbiting with the Orbiter. Because the cloud has a speed V through the 
ionospehre the ions form flat velocity distributions in the plane 
perpendicular to Earth's magnetic field. Distributions of this type were 
observed throughout the free flight with densities ranging from a few tens 
per cubic centimeter to nearly 10 4 cm -3 . In the reference frame of the 
spacecraft these ions are expected to have a maximum energy four times 
greater than the energy of ionospheric ions of similar mass. The observed 
energy spectra indicate that the dominant ion species is most likely H 2 0 + 
although more massive species appear to be present as well. This 
identification is consistent with measurements from the Ion Mass 
Spectrometer also on board the PDP [Grebowsky et al., 1987]. From these 
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observations we conclude that the Orbiter is surrounded by a substantial 
cloud of gases and that neutral water is a major constituent of this cloud. 
We infer that the observed ions are produced primarily by reactions of 
gases within the cloud with ambient ionospheric ions, the dominant reaction 
being charge exchange between H 20 + and 01. 

In contrast to the shell-like velocity distributions of pick-up ions 
observed at comet Halley [Mukai et al., 1986] and in the solar wind 
[Mobius, et al., 1985], the pick-up ions observed during the PDP free 
flight are seen to have retained their initial pancake distributions. 

These ions are swept from the cloud by the terrestrial magnetic field. 

Since the time constant for recombination of H20 + with electrons is 
approximately 10 s, an ion tail with a length ) 10 km is expected to extend 
behind the Orbiter. The Lorentz force on the ions acts transverse to the 
direction of the magnetic field, and the ion motion along the field is 
unaffected. In this way the ion tail can be driven either downwards into 
the atmosphere or upwards away from the atmosphere depending on the 
relative orientation of B and V. 

Our simple model of the water cloud and the ion chemistry within that 
cloud accounts for much of the variation seen in the time-history of 
observed pick-up densities. We find that our asumption of radial flow at a 
constant rate is adequate in providing qualitative agreement between 
measured and calculated H20 + densities. In particular, no increase in flow 
seems to occur at sunrise when Orbiter surfaces are suddenly exposed to 
sunlight. Instead, the observed increase in H20 + density at sunrise 

to be due to the coincident increase in the density of ionospheric 


appears 
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0 + . Higher ion densities could also be the signature of another heating 
mechanism for ions in the water cloud of the Orbiter. Enhanced ionization 
in the neutral water vapor cloud is not expected from the critical 
ionization velocity effect proposed by Alfven [1954] for gases in bulk 
motion with respect to a plasma and with bulk speeds exceeding that 
corresponding to the ionization potential of the neutral molecules. The 
ionization potential for H 2 0 + is 12.6 eV, and the kinetic energy of the H 2 0 
molecules with respect to the ionospheric plasmas is only 5.7 eV. 
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Figure !• 


Figure 2 


Figure 3 


Figure 4 


Figure 5 


Figure Captions 

Orbiter trajectory during the free flight. The Orbiter motion 
relative to the PDP is shown projected into the Orbital Plane. 
The out-of-plane separation ranged from 0 m to 340 m. Maximum 
out— of— plane excursions occurred near 0215 and 0350 UT. 

Energy spectrum of positive ions as observed in the orbital ram 
direction with an electrostatic analyzer on the free-flying 
spacecraft PDP. 

, The velocity distribution for hot ions in the vicinity of the 
Orbiter. The velocity vector for the Orbiter orbital motion is 
approximately along the +V X axis. The geomagnetic field vector 
is directed perpendicular to the plane of the figure. The 
density value for the outer contour is shown. Each successive 
inner contour corresponds to a factor of 10 increase in 
densities. 

. Continuation of Figure 3, but for a plane rotated by 90° to 
include the direction of the geomagnetic field vector (+V Z ). 

. Densities of H 2 0, H 2 0 + , and H 3 0 + as computed from a model based 
upon observations of pickup ion densities. The abscissa is 
taken along a line parallel to the velocity vector of the 
Orbiter, but displaced by 50 m, i.e., 


0 km corresponds to a 
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distance of 50 m from the Orbiter. The ambient densities of 01 
and 0 + are 2.3 x 10 8 cm -8 and 4 x 10^ cm - -*, respectively. For 
this calculation the direction of orbital motion and the 
magnetic field are taken to be at an angle of 90°. 

Figure 6. Densities of H 2 O, H20 + , and H 30 + computed from the model. 

The ambient densities of 01 and 0 + are the same as for Figure 5. 
The direction of orbital motion and the magnetic field for this 
case are at an angle of 60°. 

Figure 7. Contours of constant [H20 + ] calculated from the model for the 
case where § and $ are at an angle of 60°. The coordinate 
origin is at the center of the water cloud (the Orbiter). 

Figure 8. Comparison of the observed densities of pickup water ions with 
computed values from the model of the water vapor cloud that 
co-orbits with the Orbiter. Observations are shown for most of 
the free-flight period of the PDP. Orbiter thruster firings do 
not occur during the periods selected for determing the water 


ion densities 
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Table 1. Reactions and Reaction Rates 


Reaction 


Rate, cra^ s - ^ 


H 2 0 + 0 + + H 2 0 + + 0 
H 2 0 + + H 2 0 H 3 0 + + OH 

H 2 0 + + e _ -*• OH + H 
H 3 0 + + e“ products 



T2 

«1 


2 x 10* 9 

1.7 x 10 -9 
1.7 x 10 -7 
1.9 x 10 -7 
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ABSTRACT 


The Plasma Diagnostics Package is a small deployable satellite 
designed to study the interaction of the shuttle with the ionospheric 
environment as well as to be used in joint experiments with the Plasma 
Depletion investigation and the Vehicle Charging and Potential 
investigation during the Spacelab 2 mission. This paper provides a 
brief description of the package, its instrumentation, its operation, 
and the scientific objectives of the investigation. A brief summary 
of the scientific results obtained thus far will also be presented. ^ 
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1 . INTRODUCTION 

The University of Iowa's Plasma Diagnostics Package (PDP) was one 
of thirteen investigations which flew as part of the Spacelab 2 
mission between July 29 and August 6, 1985. As its name implies the 
PDP is a coordinated set of sensors and instruments designed to 
measure a wide range of parameters characterizing the ionospheric 
environment surrounding the space shuttle in its orbit. The 
objectives of the investigation are to study the interaction of the 
shuttle with the ionosphere, the interaction of an electron beam wit'll 
the ionospheric plasma, and various naturally occurring ionospheric 
phenomena . 

During the Spacelab 2 mission, the PDP was operated in its launch 
configuration in the payload bay, at various vantage points around the 
shuttle while being maneuvered by the Remote Manipulator System (RMS), 
and at distances of up to about 400 m from the shuttle while operating 
as a free-flying subsatellite of the shuttle. In each of these 
operational configurations the PDP obtained measurements supporting 
the various scientific objectives. During much of the mission the PDP 
was operated jointly with the Plasma Depletion and Vehicle Charging 
and Potential experiments for correlative studies. 

The Plasma Diagnostic Package flew previously on STS -3 as part of 
the first Office of Space Science payload (OSS-1) in March 1982. 1 The- 
instrument complement was similar to the Spacelab 2 PDP, although not 
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identical and observations were obtained only from the payload bay and 
the RMS. There was no provision for the PDP to operate as a free- 
flyer on STS- 3. The primary objectives for the PDP on STS -3 were to 
characterize the environment of the shuttle in terms of the plasma 
parameters and electromagnetic contamination and to study the 
interaction of an electron beam with the plasma. 

In this paper we outline the general scientific objectives of the 
Plasma Diagnostic Package for the Spacelab 2 mission, describe the PDP 
and its complement of instruments, provide an overview of the 
operations of the PDP during the mission, and summarize the results 
gained to date from the PDP. 

V 
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2. SCIENTIFIC OBJECTIVES 

One of the major scientific objectives of the Plasma Diagnostics 
Package investigation on Spacelab 2 was to characterize and understand 
the interaction of the shuttle with the ionospheric environment 
through which it flies. The shuttle is a large object; in fact, it is 
large with respect to virtually all the important plasma scale lengths 
at its approximately 325 km altitude orbit, including the thermal ion 
gyroradius. Further, the shuttle moves with great velocity through 
the ionospheric plasma, typically about 8 km/s . This provides the v 
opportunity to study the formation of wakes and turbulence by a large 
body moving through the plasma. Previous satellite measurements were 
all of bodies that were much smaller, and often in plasma regimes 
where the scale sizes were much larger. 2 ' 3 On Spacelab 2 the PDF 
carried out a coordinated set of wake observations at distances 
ranging from very close, i.e., a few meters, to nearly 400 m. In 
addition, the shuttle provides its own set of active experiment 
opportunities in the form of chemical contamination experiments. The 
most obvious examples of these are the joint experiments with the 
Spacelab 2 Plasma Depletion experiment for which the PDP provides 
supporting, in situ data for the ground-based observation of the 
effects of firing the Orbital Maneuvering System (OMS) engines in the 
plasma. 4 ’ 5 The shuttle, however, is almost continuously depositing 
large quantities of contaminants into the ionosphere through 
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outgassing, leaks from pressurized vessels, the operation of the 
Reaction Control System (RCS) jets required to set and maintain 
various attitudes, and the deliberate discharging of both liquid and 
gaseous water as normal maintenance operations . 6 * 7 

Another primary objective of the PDF on Spacelab 2 was to work 
jointly with the Fast Pulse Electron Generator (FPEG) portion of the 
Vehicle Charging and Potential (VCAP) experiment provided by Stanford 
University and Utah State University 8 to investigate the 
interaction of an energetic (1 keV) beam of electrons with the 
ionospheric environment. This experiment has importance to the study 
of naturally occurring auroral phenomena observed elsewhere in the 
ionosphere but takes advantage of the active control of the electron 
beam to isolate various aspects of the beam-plasma interaction. The 
electron beam studies were also undertaken during STS-3, but Spacelab 
2 offered experiments benefiting from the RMS STS-3 experience and the 
important opportunity to back off to distances a factor of 10 or more 
larger in the free- flight configuration. 

Finally, it was planned to observe naturally occurring 
ionospheric phenomena with the PDP while in free-flight, but one of 
the most important discoveries of the Spacelab 2 PDP is that one must 
move much further away from the shuttle than the 400-m distances 
achieved during Spacelab 2 to fully escape the influence of the 
shuttle. 6,7 ’ 9 Hence, the ambient ionospheric studies have been 
overshadowed by the more active shuttle and electron beam interaction 
studies. It should be noted that some natural phenomena were 
observed, such as VLF whistlers, so some such studies may still be 
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3 . INSTRUMENTATION 


A. Spacecraft Description 

The Plasma Diagnostics Package was designed and fabricated by the 
University of Iowa and is a unique Spacelab experiment in that it is 
designed to make observations while attached to the Spacelab pallet in 
the payload bay, while being maneuvered about the shuttle by the RMS, 
and also while operating as an independent satellite in orbit nearby 
the shuttle. To accomplish the latter, the PDP had to be designed 
primarily as a free- flying satellite, but with provisions to be 
carried aloft within the payload bay and be grappled and articulated 
by the RMS. Modifications late in the development of the PDP further 
allowed .its recapture, preserving the possibility of re-using all or 
part of the spacecraft in future programs. 

The PDP, shown in free-flight during the Spacelab 2 mission in 
Fig. 1 and in schematic form in Fig. 2, is cylindrically shaped 
with a diameter of about 42 inches and a weight of about 625 lbs. 
Various sensors are mounted on the four deployable booms and numerous 
instruments have view ports through the spacecraft skin situated 
around the circumference of the cylinder. The appendage at the top of 
the spacecraft is an electrical grapple fixture which allows the PDP 
to be grappled by the RMS as well as controlled electrically through 
cables in the RMS connected to a special switch panel on the aft 
flight deck of the shuttle. 
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The small cylinder just below the grapple fixture contains a 
momentum wheel loaned by the Smithsonian Institution from the ATS-G 
satellite. The wheel is used to store angular momentum in the PDP 
prior to release for free flight. The stored angular momentum was 
subsequently used to spin the PDP up to about 4.4 rpm during the free- 
flight phase by allowing the momentum wheel to spin down with respect 
to the PDP structure. Prior to recovery, the wheel was spun up again 
to transfer the angular momentum back out of the structure, thereby 
despinning the spacecraft to allow recapture by the RMS. 

B . Instrument Summary 

The Plasma Diagnostics Package contains an integrated set of 
instruments to provide a broad range of measurements of plasmas, DC ^ 
and oscillatory electric and magnetic fields, and neutral pressure. 
Because of funding limitations, many of the scientific instruments are 
flight spare units from such projects as IMP, Helios, and ISEE. Table 
1 provides an overview of the various scientific instruments flown on 
the Spacelab 2 Plasma Diagnostics Package, the investigators providing 
the instrumentation, and a brief summary of the measured parameters. 
The sensor locations are shown in Fig. 2. 
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4. PDP OPERATIONS 


The PDP operations performed during the Spacelab 2 mission can 
best be organized by separating them into operations performed while 
on the Spacelab pallet, while being manipulated by the RMS, and while 
functioning as a free-flying satellite in orbit with the shuttle. In 
the subsections below we will briefly describe the operations in each 
of these phases. 

A. Pallet Operations 

The PDP was carried into orbit while latched onto the Spacelab 
pallet and was returned to Earth in the same configuration. The 
initial activation and check-out was performed just a few hours after 
launch, as soon as the payload bay doors were opened and the Spacelab 
support systems were activated. During the on-pallet operations earl 
in the mission the PDP was able to monitor the activation of other 
instruments from an electromagnetic interference point of view as we L 
as observe the initial outgassing of the shuttle and its payload. 10 
All PDP instruments were activated soon after the PDP was powered up 
with the exception of the Lepedea that utilizes a high-voltage power 
supply and is subject to coronal discharge prior to complete 
outgassing. 

The PDP also spent the final four days of the mission positioned 
on the pallet while intensive solar and dark sky observations were 
being performed by other Spacelab inves tigations . During this time. 
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the PDP passively monitored the payload bay environment and supported 
the VCAP electron beam experiments. The solar observations required a 
bay- toward- sun attitude for many orbits in succession which led to 
overheating of a few of the PDP subsystems. In response to the 
overheating, the PDP was occasionally deactivated to allow 
temperatures to return to acceptable values. No thermal damage was 
experienced despite the elevated temperatures. 

B. RMS Operations 

The PDP was grappled by the RMS at 1 day, 2 hours, and 26 minutes 
into the mission (or mission elapsed time MET), corresponding to 2326 
GMT on July 30, 1985. During the next 3 days the PDP was actively 
manipulated by the RMS in studies of the shuttle- ionosphere 
interaction and electron beam interactions for a total of about 11 
hours. During the remaining portion of those 3 days, the PDP was 
either stowed in a non- interfering position over the port wing at a 
park point (Fig. 3d) or was in free flight. 

During the active portion of the RMS operations, the PDP was 
moved about the orbiter in a number of pre-programmed maneuvers in 
support of the various scientific objectives. Several of these 
maneuvers are depicted in Figs. 3a-c. The primary maneuvers moved 
the PDP longitudinally parallel to the roll axis of the shuttle (X- 
scans), or parallel to the pitch axis of the orbiter (Y-scans), or 
vertically up and down over a fixed location in the bay (Z-scans) . 

The maximum extension of the RMS is about 15 m. However, the PDP was 
never more than about 13 m from the orbiter while attached to the RMS. 
At various times during the scans the PDP could be rotaced about its 
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spin axis by the wrist actuator of the RMS so that instruments with 
directed fields of view could be swept through different look angles 
or pointed in various special directions such as the velocity vector 
of the shuttle. 

The RMS programs were specialized to the PDP scientific 
objectives. For example, the X- and Y- scans were used to execute beam 
searches, that is, to move the PDP through the electron beam in order 
to sample the region of direct beam plasma interaction as well as the 
surrounding environment. One particularly useful maneuver coupled the 
rotation of the PDP about the RMS wrist axis in one direction with the 
roll of the shuttle in the opposite direction at identical rates such 
that the PDP was swept alternately through ram and wake orientation^ 
while holding a specific instrument’s look direction parallel to the 
velocity vector of the shuttle. This particular maneuver was designed 
to allow detailed studies of the near-wake of the shuttle. 

C . Free Flight 

The free -flight portion of the PDP operations was the most 
innovative part of the Spacelab 2 PDP investigation. Not only was 
this activity not undertaken during the previous STS-3 mission, but we 
believe the PDP free -flight experiments were the first of their kind 
in space plasma physics. Several rocket experiments have included 
detached payloads for the diagnosis of beam interactions, but none 
have included all the active control of relative position and attitude 
for the purposes of studying vehicle -plasma interactions as well as 
the beam-plasma interactions, especially in conjunction with a large 
body such as the shuttle. 
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The constraints on the free-flight activities were severe, 
especially from the point of view of time allotted against the 
requirements of other Spacelab 2 investigations and Reaction Control 
System propellant usage. The latter constraint was much more severe 
than planned due to the loss of about 4500 lbs of Orbital Maneuvering 
System (OMS) propellant during the abort- to -orbit procedure executed 
as a result of the premature shut-down of the center main engine on 
ascent . 

The free-flight phase of the mission can be broken down into 
deployment and back-away, fly-around 'ellipses’, wake transits, and 
approach and recovery. The total time for the free-flight was 6 
hours. Fig. 4 shows the relative trajectory of the orbiter with v 

respect to the PDP. The first panel shows the back-away and first 
fly-around ellipse. The second panel shows the the second fly-around 
ellipse, wake transits, and approach. Three hours were utilized 
during the two orbits of fly-arounds depicted in Fig. 4. During the 
fly-around 'ellipses' the shuttle was flown out of the orbit plane and 
to positions along the magnetic field line threading the PDP in order 
to look for Alfven waves generated by the shuttle and to do electron 
beam experiments. During the portion of the orbit when the shuttle 
preceded the PDP in orbit, the shuttle was brought back into the PDP 
orbit plane in order to study the shuttle's wake at distances between 
50 and 250 m. 

The back-away and approach maneuvers were completed with the 
shuttle upstream from the PDP, that is, with the PDP in or near the 
wake of the shuttle. This configuration allowed additional 
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observations to be made of the shuttle's wake at distances 
intermediate to those achieved while on the RMS or in the free -flight 
fly-around maneuvers. It was anticipated that the intervals in time 
when the PDP preceded the shuttle in orbit at distances of over 300 m 
that the PDP might be able to sample the unperturbed ionospheric 
medium. As it turned out, the PDP was never far enough upstream to 
avoid the neutral gas cloud and its associated effects so that a truly 
ambient ionospheric observation could be made. 


v 
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5. SUMMARY OF RESULTS 

A. Studies of the Shuttle Environment 

Perhaps the most profound discovery of the PDP flight aboard 
Spacelab 2 is that the shuttle is accompanied in orbit by an extensive 
gas cloud of contaminants, consisting primarily of water. 6,7,10,11 
This conclusion is consistent with observations made by the ion mass 
spectrometer , 6 • 1 1 pressure gauge, 10 retarding potential analyzer, and 
Lepedea 7 on the PDP. The shuttle releases contaminants through the 
operation of the RCS thrusters, normal operation of the orbiter fuel^ 
cells and cooling systems, leakage from pressurized vessels, and 
outgassing. The neutral water is subject to ionization by a number of 
processes in low earth orbit with charge exchange with the ambient 0 
ions being the primary reaction. As ions are created, they are 
immediately 'picked-up' by the magnetic field sweeping through the 
cloud at the orbital velocity of the shuttle, about 8 km/s and, hence, 
form a highly anisotropic distribution of ions known as a ring 
distribution. The Lepedea has measured these ring distributions from 
free-flight vantage points at several locations around the orbiter. 7 
The measurements indicate a neutral water production rate of about 
2.5 x 10 22 s* 1 from the shuttle. The pick-up generally occurs within 
a sphere of about 100 m radius, but with the primary pick-up occurring 
in the region downstream from the shuttle. The contaminant water ions 
can actually be the dominant species in the region within a few meters 
Models of the cloud suggest that it extends for a 


of the shuttle . 6 
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few km in all directions with an extended tail in the downstream 
direction. 

Since ring distributions are typically unstable to plasma waves, 
it is possible that these distributions are responsible for the 
generation of broadband electrostatic waves observed in the vicinity 
of the shuttle by the plasma wave receiver. 9 ’ 12 This noise typically 
extends with a relatively flat spectrum from a few Hz to 20 or 30 kHz. 
The broadband electric field strength of the turbulence is about 10 
mV/m. The waves are generally most intense in the region downstream 
of the shuttle, although high intensities are also observed near 
magnetic conjunctions. The wave intensity is correlated with RCS 
thruster activity, although some noise is still present when no ^ 
thrusters are being fired. 

The S- and K u -band receivers assessed the electric fields 
associated with the operation of the orbiter communication links at 
various locations around the payload bay. 13 For those systems which 
avoid the main beam of the radar, the maximum field strength is less 
than 2 V/m. For those payload elements which are subjected to the 
main beam, a design guideline of 300 V/m provides an adequate safety 
margin at K u -band. The S-band fields measured were several dB below 
the worst-case predictions. S-band fields within the payload bay 
envelope should be < 2 V/m. 

B . Wake Studies 

The motion of the shuttle through the ionosphere leads to the 
formation of a we 1 1 - deve loped wake in the downstream region. 14 The 
PDP had operations both on the RMS and in free-flight specifically 
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designed to provide information on the characteristics of the wake 
both in the near vicinity of the shuttle (within a body radius of the 
obstacle) and in the distant wake, out to about 250 m. From RMS 
observations the density in the deep wake can be two or more orders of 
magnitude less than the ambient density while the electron temperature 
on the boundary of the wake region can be observed to increase by more 
than a factor of two. At larger distances, the magnitude of the 
density depletion is less, sometimes only about 10%. One striking 
result, however, is that even at distances of 250 m, the wake is stiLl 
well defined and of simple structure. There is no evidence of large 
scale turbulence in the distant wake. It should be mentioned, 
however, that small-scale wave-like turbulence often characterizes ^he 
boundary of the wake region; it is possible this turbulence is 
similar in character to the broadband electrostatic noise discussed 
above . 

Some work on comparisons of the Spacelab 2 PDP wake observations 
with wake models has been completed. 15 The model used in these 
comparisons is the Polar code 16 which neglects the magnetic field an.: 
uses a self-similar solution to the expansion of a plasma into a 
vacuum as its foundation. The observed electron and ion densities 
measured by the PDP during passages through the shuttle's wake at 
distances out to a few hundred meters are compared with predictions of 
the model. In the distance range less than 30 m, the model 
underestimates the density by as much as an order of magnitude and the 
conclusion is thac outgassing from the shuttle can be a substantial 
contributor to the wake density within a few body scale sizes. Beyond 
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30 m, the agreement is very good (within about 10%) between the model 
and observations, provided one allows for variations in the ambient 
density with orbit position as predicted by the International 
Reference Ionosphere model. The observations show a lack of fine 
structure in the density of the wake and are, therefore, consistent 
with the behavior of wake in regimes where T 0 » T^. Further, some 
minor inconsistencies in the depth of the wake as a function of 
distance from the shuttle observed by the PDP suggest that magnetic 
field geometry is a second order albeit important effect. 

C . Beam- Plasma Interactions 

The PDP and VCAP jointly designed numerous experiments for the 
Spacelab 2 mission for the purpose of understanding various aspects \>t 
the interaction of an energetic (1 keV) electron beam with the 
ionospheric plasma. One of the primary characteristics of the 
interaction is the generation of waves. Early studies have 
concentrated on whistler mode waves called VLF hiss 17 which are though: 
to be generated via a coherent Cerenkov process associated with 
bunching of electrons in the continuously firing beam. 18 ' 19 The VLF 
hiss was easily detected because of a funnel-shaped frequency- time 
signature observed in the plasma wave data set. The funnel-shaped 
spectrum is a result of well-understood propagation characteristics of 
the whistler mode waves and leads to an understanding of the 
emissivity of the beam as a function of distance along the beam. 

Further studies 8 ' 20,21 involve the study of the generation of waves 
by a pulsed beam where the pulsing frequency of the beam is in the VLF 



17 


frequency range. The resultant waves are found at harmonics of the 
pulsing frequency. 

Other studies concerning the interaction of the electron beam 
with the ionosphere includes the DC electric fields set up in the 
vicinity of the beam in response to the current systems driven by the 
beam. 22 A study using the PDP Lepedea measurements of the actual 
plasma distribution functions associated with the beam plasma 
interaction shows a sheet of energetic electrons on field lines 
downstream of the active field line. 23 These energetic electrons make 
up a net current returning the current carried by the beam. 

Simulations of the energetic electrons show the generation of low 
frequency, broadband electrostatic waves similar to those observed 6y 


the plasma wave receiver. 
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6. CONCLUSIONS 

The PDP investigation on the Spacelab 2 mission was extremely 
successful. Virtually 95% of the objectives of the investigation 
were achieved and the results referred to in the previous section 
attest to the scope of the science results that were obtained during 
the flight. Those 5% of the objectives which were not met owing to 
the shortage of RCS propellant were primarily experiments that 
involved the firing of RCS thrusters in a predetermined way in order 
to measure their effects and those experiments that were to have been 
performed during a planned, third orbit of fly-around. The thruster- 
associated objectives were partially achieved via coincidental firings 
of RCS thrusters during the execution of various maneuvers. The loss 
of the third orbit of fly-arounds resulted primarily in the loss of 
repetitions of experiments achieved during the first two orbits. 
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TABLE 1 


Instrument 
Ion Mas 8 

Spectrometer (IMS) 

Retarding Potential 
Analyzer (RPA) 

Differential Ion 
Flux Probe (DIFP) 


Lepedea 


Langmuir Probe 


Neutral Pressure 
Gauge 

Triaxial Fluxgate 
Magnetometer 


DC Electric Fields 


Plasma Waves 


S- and Ku-Band 

Monitor 


Spacelab 2 

Plasma Diagnostics Package 
Scientific Instruments 


Provider 

Measurement 

J. M. Grebovsky 

Thermal Ions 

GSFC 

1-64 AMU; 20 - 2 x 10 S- 6 cm -3 

D. L. Reasoner 

Ions; 0-15 eV; 20 - 10 7 cm -3 

MSFC 

N. H. Stone 

Ions; 0-15 eV; 6 x 10" 2 - 

MSFC 

3 x 10$ cm" 3 ; 3° angular 
resolution in range of 
± 45° from PDP equator 

L. A. Frank 

Ions and electrons; three- 

U. of Iowa 

dimensional velocity 
distributions; 2 eV-36 keV; 
plus electrometer with\range 
10 9 - 10 1 ** electrons cm -2 s" 1 

N. D'Angelo 

Thermal electrons; 

U. of Iowa 

10 3 -10 7 cm" 3 ; 

500° K < T e < 4000° K; 
AN/N spectrum 

J. S. Pickett 

10" 7 < P < 10 -3 Torr 

U • of Iowa 

S. D. Shawhan 

±1.5 gauss with 0.012 gauss 

NASA Headquarters 

resolution; 3 axes; 10-Hz 
sample rate each axis 

D. A. Gurnett 

± 4.8 V/m single axis; 4mV/m 

U. of Iowa 

resolution 

Plasma potential ± 8 V; 20mV 
resolution; 20-Hz sample rate 

D. A. Gurnett 

Electric: 30 Hz - 17.8 MHz In 

U. of Iowa 

24 channels 

Magnetic: 35 Hz 10 kHz in 

11 channels 

Wideband analog 5 Hz - 30 kHz 

G. B. Murphy 

S-band; 1.4 - 3.0 GHz 

U. of Iowa 

Ku-band; 13.5 - 14.5 GHz 
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FIGURE CAPTIONS 

Fig. 1 A photograph of the PDP deployed in its free -flight 
configuration during the Spacelab 2 mission. 

Fig. 2 The top panel shows the locations of the various instrument 
viewports and sensors (see Table 1) in a schematic of the 
PDP shown with the sidewall of the spacecraft ’unrolled 1 . 

The bottom panel is a view of the PDP from the top showing 
the locations of the booms and boom-mounted sensors in the 
fully extended configuration. 

Fig. 3 Most of the RMS manipulations of the PDP during Spacelab ^2 
were composed of the combinations of the motions parallel to 
the principal axes of the orbiter shown above. A few other 
special sequences were also utilized that are not shown 
here . 

Fig. 4 The trajectory of the orbiter with respect to the PDP duri'n 
the free- flight portion of the Spacelab 2 mission. The 
upper panel summarizes the release of the PDP through the 
completion of the first fly-around ’ellipse'. The lower 
panel shows the second ’ellipse', final wake transits, and 
the approach for recovery. When the orbiter was in the* cone 
on the left side of the panels, it was in the plane of orbLt 
of the PDP so that the orbiter* s wake would pass over the 
PDP at varying distances. In the remainder of the 
'ellipses', the orbiter was flown out of the PDP’s orbit 
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plan in order to intercept the magnetic field line threading 
the PDP . 
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1.0 Introduction 


The purpose of this report is to review the discoveries and experiments 
of the Plasma Diagnostic Package (PDP) on the OSS 1 and Spacelab 2 missions, 
to compare these results with those of other space and laboratory experiments, 
and to discuss the implications for the understanding of large body 
interactions in a LEO plasma environment. The paper is logically divided into 
three sections. First a brief review of the PDP investigation, its 
instrumentation and experiments is presented. Next a summary of PDP results 
along with a comparison of those results with similar space or laboratory 
experiments is given. Last of all the implications of these results in terms 
of understanding fundamental physical processes that take place with large 
bodies in LEO is discussed and experiments to deal with these vital questions 
are suggested. 


2.0 PDP instrumentation and experiments 


The PDP is a small cylindrical satellite with a complement of instruments 
designed to measure plasma density and temperature, give ion composition, 
temperature and flow direction, provide complete electron and ion distribution 
functions, and measure electron flux from electron beams. In addition to 
these comprehensive particle measurements the PDP contains instrumentation to 
provide a complete set of single axis wave and field measurements. Waves 
(both electric and magnetic) are measured from approximately 10* to 10^ hz and 
electric fields are measured both at DC and from 10* to 10^ hz. A complete 
description of the PDP instrumentation is available in Shawhan 1984c. 

The PDP was designed not only as a satellite, but because it was to be 
flown and deployed from the Or biter; it was also capable of measuring the 
plasma environment in and around the orbiter bay by being maneuvered through 
various positions on the Shuttle Remote Manipulator System (RMS) arm. The 
initial experiments and measurements made by the PDP on the OSS-1 (STS— 3) 
Mission were all made either in the payload bay on a pallet or within 
approximately 10 meters of the bay on the RMS. As will be seen in the next 
section these early shuttle experiments helped provide insight into the 
shuttle orbiter environment, conducted the first orbiter-based active plasma 
experiments, and provided some of the first insights in large body 
interactions at LEO. In addition, the OSS-1 experiments provided the baseline 
from which many of the future detailed interaction issues could be addressed. 
Spacelab 2, which repeated (with some modifications) some of the OSS— 1 
experiments and extended the range of interaction studies to nearly a 
kilometer from the orbiter, benefited greatly from the earlier OSS-1 
experience. The PDP investigation was initiated by Prof. Stanley D. Shawhan 
(who is now at NASA Headquarters) and is currently under the leadership of 
Prof. Louis A. Frank at the University of Iowa. Other members of the PDP team 
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include Donald A. Gurnett and Nicola D'Angelo (U. of Iowa), Nobie H. Scone, 
David L. Reasoner (NASA/MSFC) and Joseph M. Grebowsky (NASA/GSFC). Numerous 
other scientists and engineers both at the U. of Iowa and NASA have played a 
major role in the program since its inception in 1978. 


3.0 The early results 

Early papers from the 0SS-1/PDP program focused on defining the 
environment of the shuttle orbiter. This environment was a critical question 
mark in the eyes of many future users of the shuttle particularly in the areas 
of contamination, plasma, and electromagnetic environment. 

3.1 The neutral environment 


Early measurements of the neutral pressure environment of the orbiter 
revealed that the ambient pressure at orbital altitudes was only obtainable in 
the near wake of the vehicle and then only after a long period of outgassing. 
Even after seven days in orbit, pressure averaged at least an order of 
magnitude greater than ambient (Shawhan, 1984c). Not until Spacelab-2 
analysis was available would the probable source of such a large vapor cloud 
be revealed. 

More detailed investigation of the source of large pressure enhancements 
led to the study of thruster operations. It was reported that the thrusters 
(in particular Primary RCS and to a much less degree Vernier RCS) introduce 
major changes in plasma density, ion composition, neutral density, electric 
fields, and electrostatic plasma waves (Shawhan, 1984c; Murphy, 1983; Pickett, 
1985). Other investigators have since reported similar results noting neutral 
density increase of up to 10 18 /m 3 inside the payload bay (~ 7 x 1CT 5 Torr) 
with NO a major component of the enhancement (Wulf, 1986). 

3.2 The plasma environment 

The plasma density and apparent DC electric field shifts observed near 
the orbiter are not yet totally understood but may be related to interactions 
of the neutral constituent of the gas plume with the ambient plasma or to the 
plasma component per se. 

Grebowsky et al. (1983) reported the surprising result that H20 + is a 
major constituent of the plasma near the orbiter sometimes even dominating the 
ambient 0 + ionosphere. The source of these water ions is believed to be in 
charge exchange reactions between the ambient 0 + ions and a cloud of H 2 O 
molecules generated by outgassing around the orbiter. This H 2 O cloud may 
indeed be a major contributor to the enhanced neutral pressure environment. 

The plasma environment near the orbiter not only has an altered ion 
composition but reveals the influence of a large body moving supersonically 
through its medium. Stone et al. (1986) observe the ions streaming by the 
orbiter and study in detail the structure of the wake behind the vehicle. 

They took particular note of multiple "beams of ions with different apparent 
source directions and theorize that this is consistent with not only an 
additional source of ions close to the orbiter but may imply an E-field sheath 
associated with a boundary between the ion source region and the undisturbed 
plasma. It could in fact be that this additional source region is consistent 
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with observations of Grebowsky (1983) on the production of H20 + near the 
orbiter. 

Reasoner et al. (1986) have underscored the problem of making reliable 
ambient ionospheric density/temperature measurements near the orbiter. 
Combinations of contaminant ions, plasma turbulence generating heating, and 
ram/wake effects make it imperative to move well away from the orbiter before 
relying on an RPA to reliably characterize the ionosphere* This observation 
is of course consistent with all previously discussed results* 

Electron densities and temperatures near the orbiter are reported by 
Murphy et al* (1986)* To first order electron densities are dominated by the 
ram/wake effects associated with large bodies. The orbiter is not only large 
compared to the debye length (10 3 -10^ X D ) but also large compared to the 
electron and ion gyroradius. This size results in the investigation of a 
unique and unexplored region in parameter space and creates perhaps more 
questions than it answers. Murphy et al. (1986) report density depletions of 
as much as 5 orders of magnitude in the near wake of the orbiter (within the 
payload bay) and less dramatic though significant depletions of 1-2 orders of 
magnitudes at distances reachable by the RMS. Moreover, apparent temperature 

enhancements of > factors of 5 are observed in the wake transition region. 

This transition region is also characterized by plasma "turbulence” with AN/N 
values of typically several per cent. Secondary effects controlling the 
electron density spacial variation involve: 1.) the possible enhancement of 

electron density in ram (compared to ambient), Shawhan (1984c), Raitt (1984); 
2.) the effect of the neutral cloud around the vehicle and the photoionization 
of that cloud, Pickett (1985); 3.) the role of the magnetic field both in the 
filling in of the wake and the production of V x B potentials in the orbiter 
reference frame. 


3.3 Ele ct romagnet ic environment 

The AC and DC electric and magnetic fields on and near the orbiter are 
driven by two sources: 1.) orbiter EMI associated with the hardware per se; 

2 * ) fields associated with the interaction between the orbiter and its 
environment • 

The orbiter EMI under JSC's leadership and Rockwell's cooperation proved 
to be much more benign than the original ICD specifications would indicate. 
Shawhan (1984b) and Murphy (1984b) reported in detail the measurement of that 
environment. By using the PDP's sensitive plasma wave receivers and various 
RMS maneuvering sequences a "map" of orbiter EMI revealed that the environment 
was dominated not by orbiter generated noise but by plasma interaction noise. 
This Broadband Orbiter Generated Electrostatic (BOGES) noise (Shawhan, 1984b) 
seemed to be associated with plasma turbulence around the orbiter and had 
field strengths as great as .1 v/m with a relatively flat spectrum up to 
~ 10 khz. Although the exact mechanism was not understood, Murphy et al. 
(1984a), suspecting that it was similar to the turbulence observed by the 
Langmuir probe, indicated that it was noise of relatively short wavelength 
(< 1 m). This noise was observed to be enhanced by any sort of gas release 
(thruster, water dump, etc.) implicating the gas cloud as a production 
mechanism. Theoretical work by Papadopolous (1984) suggested that the gas 


239 



cloud may provide the "fuel" for enhanced plasma densities by the critical 
Ionization velocity phenomenon and may be intimately involved in the 
production of this BOGES noise* 

Thus we see that the understanding and characterization of the orbiter 
environment requires detailed investigation of the inter-reactions between the 
orbiter body, its contaminant cloud, and the ionospheric plasma* 

For purposes of completeness it should also be emphasized that a large 
part of both the OSS-1 and Spacelab-2 missions were devoted to detailed study 
of the behavior and interactions of an electron beam propagating in the 
ionosphere. These studies were conducted jointly with the Vehicle Charging 
and Potential (VCAP) experiment (Banks, 1986). The OSS-1 results are reviewed 
by Banks (1986) and Shawhan (1984a). Since another paper in this proceedings 
describes the VCAP/PDP results in detail no further discussion will be given 
here. 


4.0 Spacelab 2. laboratory results, and the emerging picture 

Many of the results discussed above began to be published after the 
Spacelab-2 mission which was launched in July 1985 but early results had a 
significant influence on the science objectives and experiment planning of 
Spacelab-2. The landmark nature of the plasma experiments of Spacelab-2 will 
gradually emerge over the next several years and, in particular, the 
importance of the PDP free-flight activity, described briefly below, in 
understanding large vehicle interactions, will become quite obvious. This is 
especially true in light of the hiatus of Spacelab type missions in the coming 
years. 

After performing about 12 hours worth of experiments on the RMS which 
consisted of wake studies, EMI surveys, and joint experiments with VCAP, the 
PDP was prepped for release as a sub— satellite of the orbiter. The PDP 
free-flight scenario consisted of approximately 6 hours of complex maneuvers 
by the shuttle orbiter which controlled, in a carefully planned sequence, the 
relative positions of the PDP and orbiter. 

First, a release and back-away maneuver moved the PDP down the "throat" 
of the orbiter wake to a distance of ~ 100 meters. After several 
station-keeping experiments the orbiter began a "fly-around" of the PDP. Part 
of the fly— around was executed in plane so the PDP would transit the orbiter 
wake at distances from 40 to 200 meters. The other part of the fly-around was 
out of plane moving the orbiter above and behind the PDP and targeting two 
flux-tube-connections (FTC's) per orbit. These FTC's were planned so that 
they occurred out of the orbiter' s wake with one in the daytime ionosphere and 
one at night. The FTC's were quite successful in placing the PDP and the 
orbiter on the same magnetic field line at a relative distance of ~ 200 
meters. These FTC's were believed to be accurate to within several meters at 
best to a little more than 10 meters at worst. After two "fly-a rounds" and 
several wake transits were completed the orbiter approached and captured the 
PDP along the velocity vector, again allowing the PDP to examine the near 
wake. Dealing with topics as a continuation and refinement of the OSS— 1- 
results we first discuss the neutral environment. 
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4.1 Neutral environment and the contaminant gas cloud 


Further measurements by the PDP neutral pressure gauge taken during 
pallet operations verified the high pressure environment due to early on-orbit 
outgassing. Analysis of vernier thruster operations verified that only the 
aft down pointing verniers affected pressure in the bay (Pickett* 1986)# No 
further observations of primaries are possible because of an instrument 
malfunction* A strong point to be made from Pickett’s observations are that 
large instruments which vent gases can also have dramatic effects of the 
payload bay environment, raising pressure to as high as 10~5 Torr* The 
orbiter’s outgassing is now known to have a major effect on the local 
environment* 

The contaminant ion gas cloud observations were extended to ~ *5 km from 
the orbiter. Grebowsky, 1986 observed contaminant ^0+ ions in all directions 
around the orbiter* The presence of contaminant NO and (> 2 + ions was also 
reported* It is important to note that the dominant ion in the wake of the 
shuttle appeared to be H 20 + instead of ambient 0 + . 

If these ions are created by change exchange with 0 + analysis of their 
distribution function would indicate a ring in velocity space. Reports by 
Paterson, 1986 provide evidence that this is indeed the case and an attempt to 
model the outgassing and chemical reactions associated with it is currently 
under way* Observations of the Infrared telescope on Space lab-2 may provide 
additional data on outgassing rates and the structure of the water cloud which 
appears to surround the vehicle* 

4*2 Further studies of the orbiter wake 

Investigation of the structure and dynamics of the orbiter wake both on 
the RMS and as a free flyer are being continued* More detailed examination of 
the wake turbulence indicate that the magnetic field orientation may affect 
the structure of the turbulent zone (Tribble, 1986)* Comparisons of the 
electron density observed in the wake are being made with predictions of the 
NASA POLAR code (Katz et al., 1984) and early results indicate the code may be 
quite accurate at predicting at least the first order effects on electron 
density. The details associated with magnetic field effects, the role of the 
plasma turbulence and pick up ions, and processes which produce the heated 
electrons (Murphy, 1986) still must be investigated* Although a detailed 
review of wake investigations conducted both in the laboratory and in space is 
presented elsewhere In the proceedings it is relevant to discuss briefly some 
laboratory results which complement the Spacelab studies* 

4*3 Complementary laboratory investigations 

In addition to observing the wake region behind large objects as they 
pass through the near earth plasma, it is found profitable to perform 
laboratory experiments in order to gain some insight into the plasma -wake 
environment. Although the parameters may not scale directly to the plasma 
that has been examined above, such experiments suggest new avenues for the 
spacelab investigations of the future. Herein, we shall review a few recent 
experiments performed in laboratory plasma environments whose volume is of the 
order one cubic meter, possessing plasma numbers of n e - n* * 10 6 - 10 8 
electrons /cm 8 ; T e * 1-3 eV and T^ < T e /10* 
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Alikhanov et al. (1971) studied the flow into the wake region created by a 
flowing plasma passing a rectangular plate that was at floating potential* In 
an extended study, Eselevich and Fainshtein (1980) noted that the expansion of 
the plasma from the undisturbed region into the wake could be modeled with a 
self similar description. This can be understood from the governing fluid 
equations of continuity 


v b 6n/6z + 6(nv)/6x ■ 0 


and motion 


v b 6/6z + v6v/6x ■ -c s ^6(ln n)/<Sx 


where the quasineutral plasma has been assumed to be moving as a beam in the z 
direction with a velocity of v b . The ion acoustic velocity is c s . These 
equations are identical to the problem of a neutral gas or a quasineutral 
plasma expanding into a vacuum and solutions in terms of the self similar 
variable ? - x/(z/v b ) can be obtained. The POLAR model discussed previously 
uses such a quasineutral approximation. Similar results concerning the self 
similar expansion into the wake region behind a grounded metal plate were 
reported by Wright et al. (1985). In the very near wake region where 
quasineutrality would be violated, it was found that the potential would be 
the important self similar dependent variable by Diebold et al. (1986). In 
this case, the dependent self similar variable becomes C - x/(z/v b )^ as shown 
by Lonngren and Hershkowitz (1979). 

As the wake region has a lower density than the ambient flowing plasma, 
one might conjecture that the electrons due to their higher mobility would 
rapidly enter the wake, creating an electric field which would accelerate the 
ions to velocities greater than the ion acoustic velocity. The accelerated 
ions have been noted in the experiments of Wright et al. (1985), (1986) and 
Raychaudhuri et al. (1986). The potential well that would result from such a 
space charge was observed in the orbiter wake by Murphy et al. (1986). That 
the electrons can speed ahead of the ions was recently detected by Chan et al. 
(1986). Ions could also enter the wake region by being deflected around the 
perturbing objects as was recently noted by D'Angelo and Merlino (1986a), 
(1986b) in an experiment performed in a plasma in a weak magnetic field 
oriented in the direction of the plasma flow. These experiments show results 
reminiscent of those by Stone 1986 where streams of converging ions were 
observed behind the orbiter. Finally, a series of experiments designed to 
examine the flow of plasma around magnetized objects has been described by 
Hill et al. (1986). These would be related to the TERRELLA type of 
experiments except that the present experiments were performed in a very low B 
plasma environment (B - 10“ 4 ). A general characteristic of the observations 
in this experment was that the magnetic object "appeared to be larger for the 
electrons than the ions since the electron wake had dimensions that were 
larger than the ion wake. 

Hence, we see that the laboratory experiment provides a controllable 
environment in which to suggest future paths for space experiments or to 
explain certain space observations. Future work needs to better define the 
role of the magnetic field and the charge on the object in question. It 
should be noted however that it is difficult to simulate in the laboratory 
conditions similar to the orbiter where the magnetic field can be 
perpendicular to the flow vector and where gas cloud interactions modify the 
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observations 


4.4 Electromagnetic environment and active experiments 

Further definition of the electromagnetic environment has shown that the 
BOGES noise extends as far from the orbiter as the PDP observed,' and was 
strongest along field lines connecting to the orbiter and in the turbulent 
wake zone (Gurnett, 1986a). Gurnett has also verified that the noise is 
electrostatic in nature and has very short wavelength. Considerable 
theoretical efforts are currently under way to determine the fundmental 
process creating such noise. 

Of further interest may be a series of joint experiments with VCAP where, 
during two flux tube connection experiments, dramatic comparisons to the 
physics of whistler mode radiation in auroral arcs has been discovered 
(Gurnett, 1986b). 

Further active experiments conducted by using the orbiter OMS engines to 
produce a cloud of water vapor and deplete the ionosphere (Mendillo, 1981; 
Mendillo et al., 1978) showed significant plasma depletion, as measured in the 
orbiter payload bay, recovering on the timescale of seconds after engine 
shutdown (Tribble et al. 1985). Tribble also reported a high level of plasma 
"turbulence” which lasted tens of seconds indicating the presence of 
instabilities. This phenomenon may be similar to that observed by RCS 
ignition and reported by Murphy et al. , 1984a, and Shawhan et al. , 1984b. 


5.0 Summary 

It is important, with such a wide range of data, to put together an 
emerging picture of the Shuttle orbiter interactions and then systematically 
address the experiments which need to be conducted in order to further the 
science /technology of large body interactions. 

Although laboratory and small satellite observations can shed light on 
details of wake structures, and the electric fields associated with them, 
large bodies such as the orbiter pose some unique problems. Is the orbiter a 
comet? In many respects, there are similarities. It definitely carries its 
own gas cloud and understanding how large objects such as the orbiter, 
platforms, or space station interact with the plasma demands on more than a 
scaling of laboratory experiments. 

Part of the interactions around large objects are due to the "scale size" 
effect while others are distinctly interrelated to outgassed products and the 
change in the balance of the ambient chemical equilibrium. As described by 
Grebowsky et al. , 1986, the instrumentation required to completely disgrace 
the ionospheric chemistry and simultaneously determine all key plasma 
parameters requires careful consideration of the specific problems the 
spacecraft must study. The PDP is only a first generation experiment with 
instrumentation that was not optimized for studies such as "comet" problems. 

Future experiments must be designed both for space and in complementary 
laboratory setting which can, if not solve the following problems, at least 
determine by appropriate empirical means their impact on future technologies. 
These problems include: 
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1. What is the effect of gas clouds associated with large objects on their 
Interaction with the neutral atmosphere and plasma? 

a. How does the cloud affect the wake fill process? 

b. Is the orbiter cloud large enough to create a pick-up current of such 
magnitude that it partially screens the motional electric field? 
(Pickett, et al., 1985; Goertz, 1980; Katz et al. , 1984). 

c. For large objects such as space station, could the energy dissipation 
associated with such a cloud create significant anomalous drag? 

d. How does the cloud affect the charge neutralization process and 
current loops associated with tethers, or particle beams? 

e. What is the effect of such a cloud on the operation of a plasma 
contactor? 

2. The interactions of large structures with the ionosphere through 
electromotive forces associated with differential charging, absolute 
charging, and closed current loops are not well understood. 

3. The phenomena of vehicle glow, its relationship with the plasma, the 
neutral cloud and the interacting surface has given rise to conflicting 
theories with insufficient data to resolve the issue. (Green, 1985) 

4. Understanding of the total picture associated with large body wakes 
involves more than models of electron and ion density. Wave particle 
interactions, atmospheric chemistry, vehicle charge, and magnetic fields 
must be included in the analysis. 

5. Joint particle beam experiments such as those between PDP and VCAP have 
raised many questions about the propagation of beams from structures like 
the orbiter. This is an immature experiment because until SL-2 no 
experiments (other than short sounding rocket flights) have provided 
remote diagnostics on such beams. (See the paper by Banks et al. in this 
proceedings for more detail.) 


6.0 Recommendations 

The Challenger accident has dealt a severe setback to the space 
experiments associated with large body/plasma interactions. It is unfortunate 
that the space station is set to proceed on course with little opportunity in 
the next 6 years for detailed study of the technical issues that should be 
resolved before it proceeds. 

Studying such problems requires a commitment by NASA to a program which 
must involve the development of instrumentation adequate to measure the 
appropriate parameters, flights of opportunity within the next five to six 
years for such instruments, support of working groups consisting of 
experimentalists who may have relevant data from past missions and theorists 
attempting to model the phenomena and, last of all, well designed and executed 
laboratory experiments. 
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Last of all it is of paramount importance that those scientists and 
engineers evolved with the state of the art of large body interactions, gas 
cloud dynamics, high voltage effects, etc. have effective knowledge transfer 
to those individuals and organizations making the design decisions of the 
future. 
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Introduction 

It is a difficult task to estimate, with any degree of certainty, the 
probable environment of any large space structure or system given that the 
system has not been firmly defined. This environment is a product of the 
natural environment and its interactions with that structure and system. We 
shall distinguish between the so-called Induced environment, the molecular, 
particulate, photon and wave environment which results from the disturbing 
effects of a large object flying at orbital speeds through the ionosphere, and 
the contaminant environment which is produced when solids, liquids or gases 
are released from the system and Interact with the Induced environment in an 
arra'y of chemical and physical processes. Our cask is made particularly 
difficult by two important unknowns: a firm definition of the system and its 

contaminants; Incomplete knowledge of the chemical and physical processes 
which can take place. In thla paper we will address the probable plasma 
environment of Space Station. That ts, we will discuss the particles (ions 
and electrons) and waves which will likely exist in the vicinity of the Space 
Station and how these may affect the operation of proposed experiments. 
Differences between quiescent operational periods (as defined by JSC 30426) 
and non-operatlonal periods aa well as probable effects from Shuttle 
operations will also be discussed. Areas which need further work are 
Identified and a course of action suggested. 


Background 


Much of our knowledge about the interactions between large bodies and the 
ionospheric plasma had, until the time before Shuttle flights, been obtained 
from observations aboard small scientific satellites and various scaled 
laboratory investigations. The recent era of Spacelab-type payloads aboard 
the Shuttle orblter has provided a wealth of heretofore unobtainable 
information. The Shuttle is not only the largest body flown to date but, as 
was discovered over a period of time, carries with it a large gas cloud. The 
discovery of "Shuttle glow" (Banks et al>, 1983), broadband electrostatic 
noise (Shawhan et al., 1984a), heated electron populations (McMahan et al., 
1983), a modified ion environment (Hunton and Carlo, 1985), and contaminant 
ions in the wake (Grebowsky et al., 1987) have begun to fill in nieces in what 
appears to be a complex puzzle associated with the large body Induced 
environment and contaminant interactions. Recent studies of the neutral and 
ion population during thruster operations (Wulf and Von Zahn, 1986; Narcisi et 
1., 1983; Shawhan et al., 1984b), modification of the plasma during FES 
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operations and H 2 0 dumps (Pickett et al., 1985), the discovery of pick-up ions 
consistent with chemistry of the H 2 0, 0 + interaction (Paterson, 1987), as well 
as observations by neutral mass spectrometers (Wulf and Von Zahn, 1986; 

Miller, 1983), have helped to sort out the differences between Interactions 
which are of the induced variety and those which result from release of 
contaminants by the orbiter. Observations by IR, optical, and UV instruments 
on board the orbiter (Torr, 1983; Torr and Torr, 1985; Koch et al., 1987), and 
by IR on the ground (Witteborn et al., 1987) have provided insight into the 
effects of both absorption and emission by this contaminant population. It is 
now clear as a result of these pathfinder experiments that in order to conduct 
experiments in plasma physics, provide long-term monitoring and a data base 
for the ionosphere, observe astronomical targets over a broad range of 
wavelengths, and provide sensitive remote sensing capability, the Space 
Station environment must be cleaner than that of the orbiter in many respects. 
Much work has already been done in assessing Just how clean that environment 
must be in order to meet the minimum science requirements (Space Station 
Payload Contamination Compatibility Workshop, 1987). It will be the purpose 
of this paper to assess what the particle and wave environment might be and 
whether the current specifications are adequate in this regard. This 
assessment will be based on current contamination control requirements, 
knowledge of proposed space station configuration, and our best guess about 
the scaling laws for certain plasma interactions. 

Particle Environment 


A number of investigators have studied the composition of the Shuttle ion 
environment and compared it to that which was expected of the natural 
environment at the orbiter altitude (Grebowsky et al., 1987; Siskind et al., 

1 984 ; Reasoner et al., 1986). The studies observe large amounts of H 2 0 + which 
results from the rapid charge exchange reaction 


H 2 0 + 0 + * H 2 0 + + 0 
as well as smaller amounts of H 3 <) + . 

H 2 0 + + H 2 0 ♦ H30 + + OH 

The amount of H 2 0 + (and H 30 + ) observed appears to be directly proportional 
to the surface temperature leading to the conclusion that most of this 
observed water is offgassed from Shuttle tiles or other porous surfaces 
(Narclsi et al., 1983). The amount of water can be estimated by neutral mass 
spectrometers but caution must be taken since frequently these Instruments can 
only observe molecules which are scattered back toward the orbiter either by 
collisions with ambient molecules or the cloud itself. Several attempts have 
been made to estimate water density or by observing the ion population and 
then doing a kinetic analysis. This has been done with observations obtained 
within the orbiter bay (Narclsi, 1983) and with data which were obtained 
during the PDP free-flight on Spacelab 2 (Paterson, 1987). Other estimates 
have been obtained by observing the infrared signature and then estimating 
column densities (Koch et al., 1987). The remarkable thing about all of these 
met ods is that although they have shown some decay in the amount of water 
during the lifetime of the mission and variation among missions, the neutral 
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observations. Ion observations, and IR observations give a consistent picture 
vhlch can be modeled within Che accuracy of the known cross sections for the 
charge exchange reaction. The significance of this is that if we know one of 
the above parameters accurately, e.g., column density from IR observations, we 
can predict another, e.g., contaminant Ion population, through a modeling of 
the chemistry and kinetics of the gas cloud. Several authors have developed 
aodels of this "gas-cloud” Interaction; notably Patterson (1987) has modeled 
a steady state cloud and shown the production of H 20 + to scale with background 
0+ density and Hastings et al. (1987a) have developed time-dependent models 
of clouds which would be associated with a brief gas release, such as the 
opening of a gas relief valve or a thruster operation. 

This contaminant Ion population can be a source of several problems. 

(1) These ions create an additional wake which trails the object In a sense 
which la perpendicular to the magnetic field line Instead of parallel to the 
velocity vector. 

(2) Depending on the nature of the Iona they may result in a deposition 
problem on some surfaces facing the ram direction. 

(3) Depending on the excitation state of the Ions, they may add to the IR, 
optical or UV spectrum which is sensed by a particular Instrument. 

(4) The current created by these pick-up ions Is believed to be responsible 
for plasma instabilities which enhance the background wave environment. 

(5) Molecules which have low ionization potential may be susceptible to the 
critical ionization velocity (CIV) process causing enhanced plasma density, 
production of wave turbulence, and possible photon emission. 

Let us look at the above possibilities in light of Space Station 
operations. Although much of our shuttle experience has been gained by 
observing the H 2 O/O* Interaction, any process such as charge exchange, 
photolonlzatlon, ionization by CIV, etc., will produce the pick-up ion cloud 
and present a similar sec of problems to experiments or the Space Station. 

Figure l presents a cartoon of the composite nature of the Shuttle 
environment to illustrate the first point above. Superimposed on the Induced 
environment (l.e., the neutral and plasma wake) is the wake produced by the 
plck-up ions. Generated in the orbicer rest frame they will appear to move 
past the vehicle perpendicular to field lines. Any experiment expecting to be 
in the neutral or plasma wake may in fact be in a location dominated by these 
contaminant ions. As mentioned in point 2, it Is clear that these ions could 
interact with or stick to surfaces when they were presumed to be part of a 
freely expanding cloud. Possible surface degradation could result from the 
fact that they can strike the ram surfaces with near orbital velocity (their 
energy is dependent on the reaction that creates them as well as their mass). 
This Implies chemistry which takes place in front of ram surfaces (e.g., glow) 
and that which takes place on surfaces must take these ions into account. 

Regarding point 3, since these ions form an asymmetric distribution about 
the vehicle and since their column density is greatest in the wake direction, 
it is Important to evaluate not only the atomie physics associated with the 
neutral molecule but its ionized and possibly excited state as well. If the 
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ionized species has a particular emission line which is undesirable optically, 
this may be particularly noticeable in the wake direction. . 

We will discuss in more detail the effects described b ? P° 
the next section. Let us first, however, summarize the primary contributo 

C ° MolecularHcontaminants resulting from outgassed or vented products can 
interact with the ambient population through sever; al processes an 

ionized cloud which will trail behind the Space Station much like the tail of 
a comet. If the lonizable contaminants are held to levels well below t 
the Shuttle (how much below will be discussed in the next section), the 
environment during operational periods should be acceptable to m°3t 
experimenters. However, a very important gap exists in °“ r * now |® 8 | ‘ lg 

study of the OSSA Space Station waste inventory (Bosley et al., 1986) 
a large number of possible waste gas and liquid products. Although 
interactions of simple molecules like H 2 0, N 2 , and C0 2 with the 0 plasma are 
reasonably well understood, the chemistry of this large possible soup of 
waste products Involves many unknowns. It would seem prudent to assess ch 
possible interaction of some of these waste gases by realistic laboratory 
experiments before deciding that they are allowable vent gases. 

Wave Environment 

It will be difficult to assess whether the wave environment described in 
JSC JSC 30237 ... b. .« la It. antlr.ty. An.ly.1. 

•nvlronmenc .bo.rd the arbiter baled o« PDPd.ee ™ S “ of FuJre l 
have led to the emerging picture, again depicted by the cartoon of Figure l, 

that Che broadband noise environment may be dominated not by th ® 
environment associated with the large body interaction as was th# 

believed, but by production of waves by the gas cloud its • 
case it may be possible to correlate the general level of this 
Sole, to the density of the wet.r cloud. In Flgur.2 w. present nt.th.t 
have been compiled from the published literature (Pickett et al., 1985). The 
level of noise at 1 kHz (chosen as typical of the broadband noise spectra 
these data) is plotted for three different cases of small gas cloud 
releases. The level of uncertainty in the measurement of H 2 0 density is 
represented by Che vertical error bars. The three cases chosen 
almost 3 orders of magnitude in gas quantity. In all cases the dominant g 
is H?0. The first Is the H 2 0 vapor cloud associated with the orbiter 
outgassing per se, the second an operation of the Flash Evaporator System 
(FES), and the third a typical operation of a VRCS thruster^ In a es $ t 

releases were on the dayside and in an ambient density of 0 plasma of ~l 
cm- ? Note that the data Indicate that the noise is linearly proportional to 
the density of gas released. The best fit to the data is that the f ^"andV 
(at l kHz) of electrostatic noise is proportional to the product o£ 2 
density. The constant of proportionality is such that at a 1 g s re ease 
rate the measured electric field anywhere within the general interaction 
region will be ~1 mV m" in a 150 Hz bandwidth. (150 Hz is Che approximate 
bandwidth at which these measurements were made.) This law is certainly no 
absolute but leads the author to believe that most of the observed noise can 
be tied to this contaminant release. Further examination of turbulence 
measured by the Langmuir probe and electrostatic waves observed near c e 
orbiter wake by the PDP on Spacelab 2 leads one to speculate that the waice 
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Fig. 1. The neutral cloud of gas which expands from the orblcer undergoes 
chemical interactions such as change exchange which results in an ion tall 
and creates plasma waves presumed to be driven by the Ion currents. 


noise is dominant only In a region confined to the wake and wake boundaries 
and most wake noise observed elsewhere is dominated by the production of noise 
associated with instabilities resulting from ion pick-up 'current generated by 
the contaminant water cloud. 



In order to properly scale this phenomena we must establish more firmly 
instability that causes the wave growth and the process that saturates the 
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ELECTROSTATIC NOISE 



Fig. 2. Gas releases of three different magnitudes and the measured 
electrostatic nol9e show roughly a linear correlation. Estimates of 
outgasslng rates for the first data point are a consensus of observations of 
inferred column density from IR and measurements of both Ion and neutral 
densities. Emission rates of FES and VRCS are well defined. 

instability. CIV may play a role In this process (Papadopoulos, 1984) but 
will again be very dependent on the gas composition. More experiments are 
required before we can definitely say that the above scaling law applies to 
molecules other than water, since the importance of a particular instability 
or CIV varies with molecular species. 

Extrapolating this Insight into the Space Station environment we are again 
led to conclude that the plasma environment will be acceptable and the JSC 
requirements met only during periods where ionizing components of the 
contaminant gases are minimized. Although the large modules and solar arrays 
may be a source of plasma noise generated by turbulence in their wake, at 
points midway along the transverse boom or on the upper or lower keel, this 
noise may be at an acceptable level at least for some geometric configurations 
of the velocity vector and magnetic field^ Other sources of noise, currents 
carried by the structure to complete the V x B current loop (Hastings and 
Wang, 1987), radiation of noise by the cable trays or solar arrays or currents 
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(Hastings et al., 1987b), conduction of noise by sheath waves, etc. must be 
solved by appropriate design and are not within the scope of this discussion. 

What numerical limits must be placed on the ionizing contaminants in order 
to meet the JSC 30237 specification and provide an environment free of this 
source of noise? Examining JSC 30237 for the spec on broadband emission for 
systems at standard locations, we find that at 1 kHz we must be less than 
103 dB uV m“* MHz“ . Scaling to the 150 Hz bandwidth of the measurements 
taken in compiling Figure 2, we find that these emissions must be less than 
-0.02 mV m" 1 which, using the linear scaling law of Figure 2, implies an 
emission rate of water of <20 mg s • This should be manageable for a 
structure like the Space Station which will not be covered with a material 
that continually outgasses water. The mass release rate of other ionizable 
molecules could be scaled appropriately depending on their cross section for 
ionization. The sum total of all of these easily ionizable molecules would 
then have to be such that their emissions are below JSC 30237 specifications. 
This compares favorably with recommendations from the Space Station Payload 
Contamination Compatibility Workshop which recommended lower column densities 


of most species. , . . 

In January 1987 the OSSA contamination compatibility workshop recommended 

several changes in JSC 30426, which included lowering total acceptable column 
densities of 0 2 , N 2 , and H 2 , as well as noble gases and other UV and non-IR 
active molecules. A further specification should be Included which defines 
Ionizable gases and the acceptable release rates for them. Furthermore, it is 
very important that we gain a detailed understanding of the chemistry and 
physics of reactions which occur between the ambient environment and the large 
shopping list of molecules which may be released during the non-operational 
periods to insure that experiments and the Space Station hardware are not 
subjected to effects described earlier. 


Non-Quieecent Environment 

JSC 30426 states that the Space Station be capable of supporting quiescent 
operation periods of up to 14 days. This period of minimum perturbation is 
essential for many science Investigations and any disturbances during this 
period, however minor, must be noted. It la not clear thac the requirement to 
record such disturbances is fully satisfied. Section 5.0 simply states^ that 
"...monitoring of the environment to a limited extent will be required. 

Since the IOC phase Space Station will not be gravity gradient stable, some 
fine tuning of attitude will be required. Whether It is accomplished with 
Jets only or some combination of Jets and gyros is unclear. It is clear, 
however, that during the long "quiescent** periods there will undoubtedly be 
some disturbances whether they be occasional jet firings, experiment vents, 
purges, or relief valve operations, EVA crew activity, etc. A clear 
requirement to monitor specific critical aspects of the environment must be in 
place. Space Station elements must have a way of "notifying the system** of an 
impending disturbance. Some monitoring can and should bf real time and some 
may only be required after the fact. Whether PIMS or some other monitoring 
package is responsible is yet to be determined but the requirement must be a 

system responsibility with data accessable to all. 

Non-qulescent periods, such as Shuttle docking, will provide significant 
disturbances. It is the concensus of a number of independent observations 
that the Shuttle orbiter carries with it a large amount of contaminant^ 
material, particularly water. Column densities near the orbiter of 10 to 
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lO 13 should be expected. There ta some disagreement over the decay time of 
a aaaoclated cloud. IECM observations (STS-2. STS-3, STS-4) indicated an 
initial decay time of -10 hours. However, Narcisi et al. (1983) 
wide variations in the water density cloud with some overall decrease in HjO 
density with time, but a much stronger correlation between density and surfa 
temperature. Raitt (private communication, 1987) reports “ ° 

unature characteristic of H70+ in his retarding potential analyzer, 

Spelt* by the'end of .l.elon HP. (HP .p«e . Jot of el., 
in a hot attitude due to ai several day long solar observation cycle.) 

The conclusion chat may be reached from all of this is t at t e 
contamination that will be carried into the space 9CaClo "®" V ^° n ”^ C ( >^ C 
orbiter may be reduced by simply waiting some minimum period of time (~ 
hours) in a relatively hot attitude behind the station, then go 8 * 

attitude for several hours before beginning the approach and docking. Clearly 
it will not be possible to operate some experiments while the orbiter is 
rendezvous phase, both because of the outgassed cloud and thruster Pj u “« 
impingement. Docking procedures which minimize plume imp 

activity will be preferred. Operation of experiments while the orbiter is 
present may be possible and is dependent on the type of experiment. 

Other disturbances to the environment, such as EVA activity, should be 
scheduled as C much as is practical for the non-quiescent periods since gaseous 
products associated with the EVA suit can provide significant disturbances. 

Summary 

The developing requirements for Space Station must be responsive to the 
needs of the user and in line with the reality of Space Station 
They must also be internally consistent, be carried out to as full an extent 
as possible, and be "living documents" which can Incorporate new knowledge as 
it becomes available. The PWWG (Particle and Waves Working Group) has been 
responsive to the user's needs in writing requirements and assuring that the 
proper tools are in place to implement them. The definition and control o 
the particle, plasma, and wave environment has Incorporated specific needs 
from a wide range of potential users. The Contamination Working Group has 
likewise been responsive and JSC 30426 reflects the panel's concern for the 
cleanliness of the Space Station environment for the user, the Station safety 
and longevity, and for the preservation of the delicate natural chemical 
balance of the ionosphere. It is not clear whether some oversight group such 
as the CWG will be responsible for continual evaluation and enforcement of the 
requirements. Some mechanism will be required to do this. 

Only minor modifications to the documents may be required, but the 
Importance of these modifications cannot be over emphasized. Let us first 
deal with recommendations to changes In JSC 30426: 

(1) Incorporate specific requirements relating to easily tonlzable 
molecules which contribute to the plasma environment. This should be stated in 
g s' 1 emission instead of column density; e.g. total water emission should be 
less than ~l mg s~ l for adequate margin. Other common gases which contribute 
to this environment are N 2 , CO 2 , and H 2 , e.g.: 
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n 2 + o+ ♦ n 2 + + 0 

N 2 + 0+ ♦ N0+ + N 

(2) Analysis of proposed vented products during non-operatlonal periods 
oust be performed to determine If the proposed contaminants are acceptable. 

(3) More specific reoulrements for monitoring the environment should be 

in place. These should Include real time or "warn" flags for certain releases 
which must be accounted for In data analysis or known about ahead of time. 

JSC 30252, the Plasma Effects Control Process Requirements Document, must 
be consistent with the expected contamination levels and reflect the 
difference between operational and non-operatlonal periods. Further 
recommendations In regards to operational considerations are the following: 

(1) The orbiter should be allowed to outgas for £24 hours before docking 
with the Station (the orbiter should be behind the Station). 


o. upi. p L 0 “tr“r*L n o 1 ;}'‘ n .‘c“vu“ t * etl, ' lty plu ” ■ h °“ u 

(3) Any plan which tncludea continuous thrusting for reboost should be 
eliminated for environmental considerations. 

(4) Brief gaseous releases, either by Station hardware or other equipment, 
must be minimised, documented, and made available in a common data base. 

activity should be confined to non-qulescent periods whenever 

possible • 

th.'Ssc’SoIS £c£«r U " C0 1 “ lu, ‘ e * * ec,:l0 " '■’"‘■““"•I in 

Last of all, several recommendations regarding uncertainties about the 
physical processes Involved are appropriate: 

cro * 8 8ec 5f on8 for ch *P8« exchange reactions of a broad range of 
molecules are not well known for 0+ at 5 eV. 8 


alt(f,L«M U ' C ! Ptabill , Cy >. 0f certain molecules to CIV at Space Station 
altitudes is unknown. Laboratory and Shuttle experiments are appropriate. 

(3) The precise cause of "Shuttle glow" must be determined. 

<„r!; 4 L MOde i 8 whl ?H predict llne-of-slght emissions and absorption must take 
into account possible Ionized species chat are present. In o?der to Jo this 
accurate models of cross sections for reactions are required. * 

understood produc * lon of broadband Instabilities must be better 

understood so scaling laws can be used with more assurance. 
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All of the above physical considerations may also be applied to co-orbiting 
platforms. The environmental constraints may be similar or tighter depending 
on experiment complements. 
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ABSTRACT 

In August 1985 the University of Iowa's Plasma Diagnostics 
Package was used in the Spacelab 2 mission to study the plasma 
environment near the shuttle orbiter. Measurements of the plasma 
density and the percentage density fluctuations yielded information 
about the structure of the orbiter’s wake. These data appear to be in 
general agreement with previous shuttle results and with laboratory 
observations of plasma flow-body interactions. 
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The Spacelab 2 mission PDP (Plasma Diagnostics Package), 
designed and built at the University of Iowa to study the plasma and 
electromagnetic environment of the shuttle orbiter, was a satellite 
53*3 cm in radius and 66 cm in height, which could be either 
positioned relative to the shuttle by the RMS (Remote Manipulator 
System) or ejected into free flight. One of the instruments on the 
PDP was a Langmuir probe, consisting of a 3 cm diameter gold-plated 
spherical sensor and associated electronics. The Langmuir probe was 
mounted on a moveable boom which was extended to a distance of about 
60 cm from the cylindrical axis of the PDP during wake studies. 

The Langmuir probe is a relatively simple instrument which 
has two operational modes, working either as an electron density/ 
temperature measurement tool, or as a diagnostic for AN/N fluctuations 
in electron density over the frequency range 1-40 Hz. The elec- 
tronics is alternated between the two modes by a timing signal 
generated by the PDP spacecraft encoder. The total cycle lasts for 
approximately 13 s and consists of a 12 s "lock" period during which 
the probe is held at +10 V relative to the PDP chassis, followed by a 
1 s, 120-sample sweep from +10 V to -5 V (1). 

During the lock period, the probe output current is sensed by a 
logarithmic sensor and sampled through three filters: 1 Hz low pass, 

1 — 6 Hz bandpass, and 6—40 Hz bandpass. The 1 Hz filter provides a 
signal proportional to the plasma density, whereas the 6 - 40 Hz band- 
pass filter output is proportional to the percentage density fluctua- 
tion, AN/N. 
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For almost one hour during the Spacelab 2 mission the PDP was 
positioned by the RMS at approximately 10 m directly above the 
orbiter cargo bay (Fig. 1). The orbiter then underwent a slow roll, 
at the rate of 1 degree per second, so that the PDP would pass alter- 
nately from the ram of the plasma flow into the orbiter's wake, nine 
times during the one-hour period. During this maneuver the orbiter f s 
x-axis, as defined in Fig. 1, remained perpendicular to the plasma 
flow vector. 

In Figs. 2, 3, and 4 we present samples of data obtained by the 
Langmuir probe during this period. Figs. 2a, 3a, and 4a show the 
plasma densities measured by the Langmuir probe as a function of time, 
while Figs. 2b, 3b, and 4b indicate, on the same time scale, the 
behavior of the percentage density fluctuation, AN/N, measured by the 
6 - 40 Hz bandpass filter. The data in Fig. 2 refer to daytime 
conditions, those in Fig. 3 are for daytime conditions until 
0201:31 UT and for nighttime conditions after 0201:31 UT, while those 
in Fig. 4 are for nighttime conditions. During the one-hour roll 
period some of the thrusters on the orbiter had to be fired so that 
the proper attitude and roll rate were maintained. The times of 
thruster firing are indicated in Figs. 2, 3, and 4 by vertical arrows. 
Evidently, these thruster firings are responsible for some of the 
bursts seen in the density fluctuation data. The times at which the 
PDP is in the middle of the shuttle wake are indicated by asterisks. 
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These times are spaced one from the next by approximately 6 min, 
corresponding to a roll rate of 1 degree per second. 

An examination of the wake transits indicates that the electron 
density in the wake of the orbiter is, typically, more than 2 orders 
of magnitude smaller than the density measured in the ram of the 
plasma flow, in general agreement with the results reported, e.g., by 
Murphy et al. (!)• Density depressions are also observed when the 
Langmuir probe is located within the wake produced by the wrist joint 
of the RMS, these times being labeled by triangles (2). The arm wakes 
are, of course, of smaller depth and duration than the orbiter wakes. 

As far as plasma density fluctuations are concerned, one 
notices that, in the frequency range 6 - 40 Hz, AN/N is, typically, on 
the order of 1—3% all around the shuttle orbiter. However, a special 
feature of this noise stands out, namely a substantial decrease of the 
noise within the shuttle wake, with enhancements occurring at its 
edges, when the Langmuir probe moves either into or out of the wake. 
This phenomenon has been reported and discussed previously by Murphy 
et al. (1). It appears also to be in line with recent laboratory 
observations by Merlino and D’Angelo (3) even though the laboratory 
scale size was much smaller. In studies of plasma flow— body inter- 
actions performed in a so-called DP (Double Plasma) device, 
an interesting complex noise structure in the wake of a metallic 
object was uncovered. The positions at which the noise amplitude is 
largest form an x— pattern downstream of the object. A scan of this 
noise pattern at just one fixed distance from the object would, of 
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course, have produced a result similar to the one obtained by the 
Langmuir probe on the PDP as it swept the ram-wake transition around 


the orbiter. 
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FIGURE CAPTIONS 

Fig. 1. Location of the PDP on the RMS, relative to the shuttle 
orbiter, during plasma wake studies. 

Fig. 2. Plasma density (a) and density fluctuation (b) data, 
0152-0158 UT, day 212, 1985. 

Fig. 3. Plasma density (a) and density fluctuation (b) data, 
0158-0204 UT, day 212, 1985. 

Fig. 4. Plasma density (a) and density fluctuation (b) data, 
0204-0210 UT, day 212, 1985. 
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